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r-HE PROBLEM OF QUENCHING MEDIA FOR THE 
HARDENING OF STEEL 


By Howarp Scor’ 


4 lhstrac l 


The cooling of metals from a red heat to room ten 
perature during quenching in liquids progresses in thre: 
stages distinguished by the mode of heat transfer from 
he metal surface. In the first a continuous vapor blanket 
forms and retards cooling. During the second stage, that 

f most rapid heat dissipation, heat is carried away by 
vapor which condenses at a distance. No vapor forms in 
the third stage and cooling ts by convection, 

When the first stage is suppressed with water quench 
ing as by active agitation, cooling rates within the steel 
quenched approach closely to the fastest theoretically at 
fainable. Certain additions to water and heating increase 
the duration of the first stage, an undesirable effect, while 
other additions diminish it somewhat. Quenching in con 
centrated sulphuric acid without agitation is nearly as 
effective as quenching in stirred water. 

Though the cooling power of quenching oils in the 
second stage is considerably less than that of water, th 
loss in depth of hardening on resorting to oil quenching 
s not great. First stage cooling ts nearly absent and third 
stage so slow that residual stre of high magnitude 
cannot develop. Proposed water base substitutes for oil, 
however, show a well developed first stage cooling and too 

ve cooling in third stage for acceptance as quenching 


No manipulation of quenching media for the harden 
mg of steel takes the place of an intelligent selection of 
alloy content. 


INTRODUCTION 


a. hardening of steel so as to obtain its highest mechanical 


properties entails cooling at a rapid but controlled rate from a 


emperature usually between 800 and 900 degrees Cent. (1470-1650 


egrees Kahr.) to room temperature, an operation called quenching. 


[his paper was presented as a part of the Heat Transfer Symposium spon 
by the American Society of Mechanical Engineers in co-operation with 

\merican Society for Metals, at their New York meeting on December 5, 
Manuscript received December 13, 1933. 
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Whether or not the steel hardens satisfactorily depends o1 
Ing rate at some depth below the surface. The success of t] 


tion depends also on the temperature gradients produced ij 
metal. Both cooling rates and temperature gradients in a ¢ 


and shape are inter-related and controllable solely by the m; 
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Fig. 1—-Variation in Hardness of Nickel Steels as 
Ouenched with Cocling Rate During Ouenching 

























which heat is removed from the surface, that is, by the quenchi 
medium and practice used. Accordingly, it should be profitabl 
study the phenomena of surface cooling, particularly in those liquids 
which produce rapid cooling. A key to the interpretation of thes 
phenomena in terms of quenching practice is desirable, however, ai 
may be had by reviewing briefly the effects of rate of cooling on th 
properties of steel. 

The highest mechanical properties are obtainable only in steel 
which are fully hardened as quenched though later tempered for tl 
desired ductility. The rate of cooling necessary for c mmplete har 
ening, is therefore, an important critical characteristic of the ste 
It is clearly revealed by hardness observations plotted against cooling 
rate as in Fig. 1 which is prepared from the data of Jones (1)*. One 
the critical cooling rate is exceeded, no further important increas 
hardness or strength is obtained by faster cooling. Rates of cooling 
within the zone of steep slope produce a mixture of two constituents 
one of high strength, the other of low strength. The fatigue strengtl 
of the mixture is probably no better than that of the weaker cot 
stituent. Also, a given ratio of constituents is not reproducible 1 


*The figures ippearing in par ntheses refet1 to the bibliography appended to tl 
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so if cooling in this zone ts not avoided, great vat lability in the 
ical properties of the hardened product ts to be expected. Con 
tly, when maximum and reproducible strength is demanded, 
care must be taken in the selection of the steel and its quench 
assure full hardening. 

certain classes of service high strength or hardness is required 
da moderate depth below the surtace. The widely used carbon 
serve well for such applications. They cannot be hardened to 


reat depth, not over '4 inch in large sizes, no matter how active 
surface cooling. ‘This type ot steel presents a quenching problem 
rely different from the type intended for complete hardening and 
hich full strength is essential throughout the volume of the metal 
lloy content is required to assure full hardening in pieces larget 
about 34 inch round even with a highly active quench. This 
y content acts by lowering the critical cooling rate as shown by 
| and thereby permits the slower cooling attendant on increased 

e to produce full hardening. 

\Were penetration of hardening the only factor determining the 
ction of a quenching medium, one would use exclusively the most 
ve quench attainable with consequent highest economy in alloy 

ntent. Distortion becomes a problem in complicated shapes and 

be controlled only by moderating the quench. That requires a 

gher alloy content for full hardening, so there is a loss in machin 
lity of the steel with respect to that possible when distortion is not 


problem. ‘Thus in the selection of a medium for quenching trouble 


some shapes which must be fully hardened, it is necessary to effect 


compromise between the antagonistic requirements of fast cooling 
economy of alloy content with maximum machinability and slow 
ling for minimum distortion. 

\nother factor which must be considered in the quenching of 
els is residual stress. Residual stress of sufficient magnitude to 
luce cracks may develop particularly when conditions are such as 
produce tensional residual stress at the surface. The danger is 
iter the higher the carbon content. Conditions are most favor 

tor failure by cracking when the temperature gradients during 
ling through the hardening transformation are moderate (2). The 
lening transformation in most commercial steels starts between 
and 200 degrees Cent. (750-390 degrees Fahr.). 

for a particular quenching medium and composition of steel 


is a critical region of cylinder diameters, in which tangential 
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The crit 


can be moved upward by reducing the cooling rate in the temy 


residual stresses at the surface reach a maximum. 


range below about 400 degrees Cent. (750 degrees Fahr.) 

appears to be the most effective expedient for reducing the i1 
of quenching cracks in steel. This expedient undoubtedly 

distortion materially because the effective expansion coefficient 
high during the hardening transformation. Hence, it is pos 
reduce the degree of distortion and danger of cracking without 
penetration of hardening simply by selection of a medium whic! 
slowe1 


at low temperatures, below 400 degrees Cent. (750 d 


lahr.), but as fast at high temperatures, above 500 degrees 
(930 degrees Kahr.), as the medium previously used. In se 
quenching medium for the full hardening of difficult sectior 
ought, therefore, to pay particular attention to the manner in 
heat transfer rates of appropriate liquids vary with surface ten 
ture 


(GENERAL CHARACTERISTICS OF QUENCHING LIQUIDS 





\ good general perspective of the manner in which rate o! 
transter from a metal surface to a liquid varies with the surfac¢ 
perature is obtained from the work of Pilling and Lynch (3). T' 
authors observed the variation of temperature at the center of 
inch diameter cylinder of 5 per cent silicon-nickel alloy with time 
quenching from &30 degrees Cent. (1525 degrees Fahr.) in 


liquids at several temperatures. Although the metal temperature y 







determined at the center, its value there is representative of the su 
lace temperature except when the cooling rate is very fast. 
Their quenches in liquids at temperatures considerably al 


atmospheric reveal clearly three distinct temperature ranges chara 







terizing three types of surtace cooling. In the first stage after start 
ing the quench, which ts identified by “A” in Fig. 2, a vapor blanket 
is formed and maintained around the metal, presumably by radiatiot 
absorbed at the vapor-liquid interface and by conduction throu 


the vapor film. This is the familiar spheroidal state exhibited by 








drop of water on a hot stove. Cooling in this stage is quite slow b 
cause of the thermal insulation afforded by the vapor film which pet 
mits the water drop to remain liquid for a considerable time. 

\fter the surface reaches a temperature where radiation and cot 
duction are insufficient to maintain a vapor blanket, the metal is wet 


periodically by the liquid and cooling in the second or “B” stag¢ 
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commences. Here cooling is chietly by vapor transportation, 






’ SAV. th vapor formed copiously by direct contact between 





d liquid 1s carried away by gravity and convection currents 





regions where it condenses. FEleat removal in this manner is 





nally fast as shown by the steep slope ot the cooling curve 





capacity in this stage 1s usually taken to be representative ot 





aid concerned. 





Cooling of the second type being very active brings the surface 






iture quickly helow the botling pomt of the liquid. Vaporiza 
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Typical Cooling Curve for the Center of a Small Cylinder Durit 
a Still Liquid which Shows Three Stages of Surface Coolit thi 
Faken from a Paper by Pilling and Lynch 











then ceases and cooling of the third type, stage 


us. Cooling here 1s by the more familiar process of convection 





lt is instructive to note how the duration of the respective steps 





oOling vary with temperature of the quenching medium. ‘The 





curves of Fig. 3 show clearly how the temperature range of 











a lirst stage increases from a negligible length in a small specimen 
% water at room temperature to more than half the total range when 
ba water 1s near its boiling point. A smaller heat flow, of course, 
a ntains the vapor blanket the nearer the liquid temperature ap 
oi aches its boiling point. Hence, the higher the boiling point the less 
picuous will the first stage be in liquids at a particular tempera 
when other properties are comparable. 

4 the duration of vapor blanket cooling is very important in the 





uching of steel for maximum cooling rate must be developed 






vt 


ly after the start of the quench. From the observations of Pilling 


















































































































































































































































PRANSA( 





LIONS OF THI V/. 





and l.ynech values of duration of this stage in several liquid 


been taken and plotted in Fig. 4. Duration is measured by t! 
trom the start of the quench until the cooling rate at the ce 
the specimen mereases abruptly as the second stage is entered 
is, of course, a normal range of slow cooling which appears 
about 1 second atter the start of the quench even when vapor 
cooling ts entirely absent. 
Che duration of the first stage in water at a particular temp 
shortened by the addition of salt as might be expected trom | 


crease in boiling poimt. In concentrated sulphuric acid, a lig 
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I Cooling Curves of a Small Standard Cylinder Taken During Quer 
Water at Ditterent Temperatures These Curves were Observed by Pilling and Ly 
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much higher boiling point, vapor blanket cooling is not detecte 
Fable I. It has short duration in oils also, particularly the on 
highest boiling point. On the other hand, a solution of soap in wate 
increases greatly the duration of the vapor phase. Apparently t! 
increased stability of the water-vapor interface retards release of th 
vapor from the metal surface. 

\nother important characteristic of quenching media brought out 
in big. 4s the change of duration of the vapor blanket with bath tem 
perature. An increase duration should, of course, be expected a 
the boiling poimt is approached which is the case for water. The oils 
however, show little or no change with temperature. [Evidently som 
other tactor 1s working in the opposite direction from that of bat! 
temperature relative to the boiling pot. That factor 1s surely the fall 
In viscosity, with increasing temperature which is large for oils. A 
liquid of high viscosity certainly restrains movement of its vapor 
more than one of low viscosity and thereby tends to retain the vapot 
film of first stage cooling. In this regard, an oil of high temperature 
coethcient of viscosity has merit. 

Cooling rates in the first stage are also significant, Table I. Oils 
cool better than water in this stage; probably the vapor film formed 


by ols ts thinner. Peculiarly the rate of cooling in hot water 1s nea! 


" pines 
he eee? one iS 
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Bee 


if temperature over a long range, Fig. . his behavior 
ror iret cooling but usually tollows clo ely Newton: 
the cooling rate 1s approximately proportional to the 
r Consequently some tactor must be operating 
wling rate as the temperature descends in the ti 
ly reduction in thickness of the vapor blanket 
1) makes the interesting observation that a “facine” of 


miterial on the surface of a staimless steel. thoueh of low 


water 4 


Brit 


Bath Tempereture , 


| Duration of the First Sta 
t Surtace Cooling During Ouenchin 
| Temperature The Data 
of Pill and Lyneh 


conductivitv, increases markedly the rate of cooling of the 


in water and some oils. The effect 1s most prominent in hot 


when the first stage is well developed. He shows by photo 


ot pieces during quenching that the faster cooling of the faced 
s is due to the suppression of vapor film cooling by the 
Cooling of faced specimens is more rapid in the second stage 
ssibly because of a better distribution of the centers of vapol 


ation. While the surface condition of steel during quenching IS 
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Table | 
Cooling Rates at Center of 4 Inch Diameter 5 Per Cent Si-Ni Alloy During © 
in Still Liquids at 40 Degrees Cent. Taken from Observations of Pilling and 
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Boiling Duration Cooling Rate in Deg’s Cent. P 
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Liquid Cent in Seconds Cent Cent 
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temperatures of 700-800 degrees Cent. (1290-14 “ 
| has wWling and at center temperatures of 550 and 
Cent. (1020-570 degrees Fahr.), the upper and lower limits respectively ot vay 
very important, it should be noted that these experiments were coi i 
ducted on a practically unoxidized steel. “The usual scale on ordinai : 
steel undoubtedly acts in the same manner as the facing material 
long as it remains intact and is not too heavy. 
In the practice of quenching vapor blanket cooling is supplant , 
so far as possible by vapor transportation, that is, second stage coo! " t N 
ing. Cooling rates taken at 550 degrees Cent. (1020 degrees Fahr. 
‘Table I, are indicative of relative cooling power in this stage. Wate 
brine and concentrated sulphuric acid have nearly equal coolin ; 
power, while the oils are much lower and differ considerably amon; 3 
themselves. Salts in solution have no discernible effect on the coolii 
power of water so their known advantage must be only in restraining 2 
vapor blanketing. ; 
further data on second stage cooling is given in Table IT, part of * 
which is taken from a previous paper by the author (5) and part 3 
from the cooling curves of Figs. 5 and 6. Glycerin has a cooling ‘ 


power in the vapor transport stage somewhat less than that of a 
quenching ol. Its mixtures with water give cooling rates betwee 


those of oil and water, but it has a strong tendency towards vapot 


blanket formation. The same may be said of the ethylene glycol and 


( 
il 


sodium silicate solutions tested by Hamill (6). Although these solu 





tions provide a nice sequence of cooling rates at high temperatures, 
they cannot be considered as substitutes for oils for reasons developed 
later. 

\gitation may be an important factor in vapor transport cooling, 
hut no evidence of it appears in Tables I or II. Pilling and Lynch 


quenched in still liquids and the author with agitation, but the results 
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6—Cooling Curves Taken at Center of l-inch Diameter Cylinder of Hardened 
Cent Carbon, 1.3. Per Cent Chromium Steel During Quenching from Boiling 
into Various Media at 25 Degrees Cent 


not comparable. French (7) gives the only pertinent observations 
d. He observed cooling at the center of a sphere of unstated com 


tion during quenching in still water and under a water spray at 









lable Il 
Cooling Rates at Center of 1.0 Inch Diameter Cylinders During Quenchiny 
Media 
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several water pressures. The curves obtained show that the coo! 
tune trom the quenching temperature to say 600 degrees Cent. (1110 
degrees ahr.) diminishes more rapidly with increasing spray p 
sure than is consistent with the increase in cooling rate. This indi 
cates that vapor cooling was present for low spray pressure and still 


water, but 1s effectively eliminated by vigorous motion of the liq 
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rrate at OOO degrees Cent. (1110 degrees ahi 

-increased 23 per cent on gomng trom a still water quench to 
ressure spray quench. The rate of increase is small, however, 
to the actual increase in rate of heat transter, for the cool 
now approaching close to the fastest value theoretically 
as has been shown elsewhere (8). Under this condition a 
crement in rate of heat transter has only a small etfeet on th 
rate at the center of a large specimen. Nevertheless, the degree 
tation is important with water quenching for the control of 
rates near the surface and for dissolution of the vapor blanket 
he exceptional activity of water 1n cooling by vapor transpor 
has been attributed by Benedicks (9) to its high heat of vapor 
Chis is undoubtedly an important characteristic, but not thi 
re Previous considerations have indicated that viscosity de 
equal consideration. ‘Thermal conductivity has been consid 
dominant property also, but Le Chatelier (10) showed that 
ry cools little faster than ol and much slower than water, 
it has 11 times the thermal conductivity of water. This prop 

however, plays a major role in convective cooling. 
Cooling in the third stage 1s important because the rapid cooling 
second brings the surface quickly into the temperature range o| 
third stage. Since the cooling power of liquids here is usually 
a considerable amount of the total heat of large steel objects 
ected to quenching may be extracted while the surface is cooling 
this manner. ‘Che quenching curves of Pilling and Lynch do not 
tend to sufficiently low temperatures to furnish representative data 
this stage. Neither do they give any information on the effects 
tation, Some observations made by the writer, however, are 

leant in this connection and are given in Table Il. 
With cooling of the third type, convection, the dittere nee between 
nd water revealed by cooling rates at center temperatures of 62 
/O degrees Cent. is still greater than in second stage cooling. 
tation has a pronounced effect. Thermal conductivity is the domi 
factor in convective cooling as shown by the observations on 
ng rates tor quenching in glycerin-water mixtures set down with 
mal conductivity values in Table III. The relation, however, is 
inear, tor other properties have prominent effects which are well 


lished in the considerable literature on this type of cooling. 


ihe observations brought forth here on the fundamental prop 


of liquids which dominate their cooling characteristics serve to 
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Table Ill 
Cooling Rates at Center of 1 Inch Diameter Cylinder of 32 Per Cent Nickel Stee! 
Quenching from 100 Degrees Cent. into Glycerin- Water Solutions at 1 Degree 
Chermal Conductivity ( 
Liquid in Per Cent of Water Value 
W ater 100 
0) Cilycerin 4U 
“o Gilveerin “* 
LO0% Glycerin 51 
Ouenching Oil 


clarify a subject in which there has been much confusion. Th; 
fusion has obviously been due to failure to recognize three d 
types of cooling. Setting down the dominating properties for 
stage as follows: 

Mechanism of Dominant Propert 
stage ot ( ooling Heat |] ranster of | iquid 


lirst Radiation and conduction Boiling point 
through vapor film 
Second Vapor transport Heat of vaporization 
Viscosity 
Vhird Convection Thermal conductivity 


one sees that a different property is dominant in each stage, and that 
nearly all the properties to which dominance has been attached 
represented. l-very stage is important from the viewpoint of quer 
ing as is shown in a later section of this paper. 

EVALUATION OF QUENCHING POWER 


\ more refined way of determining quenching power of liquids 
than that of measuring cooling rates is to pass an electric current 
through a wire surrounded by the test liquid and measure the ten 
perature of the wire as well as the power input. These observations 
permit one to express the cooling activity of a liquid as power flowin: 
across the metal boundary per unit area and temperature in excess 
the bath temperature. Benedicks (9) has done this with interesting 
results. He determined the mean temperature of the platinum wir 
used by its resistance and circulated the liquids at a constant rate ot 
10 centimeters per second. 


Benedick’s results for a variety of liquids and for air are plott 


in Figs. 7 and 8. Boiling was observed through the glass containe: 
to commence when the wire temperature slightly exceeded the boilin: 


point of the liquid. At this point there is a break in each curve fo: 
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Power /nput , Watts per 5g. Cm. 
8—Change in Temperature of a 0.008-inch Diameter Platinum 


Wire with Power Input into the Wire While the Wire is Immersed 
Water, Oil or Air Data of Benedicks 


Is having sharp boiling points denoting cooling of the second 


t higher temperatures, and of the third type at lower tempera- 





lable IV 
Heat Transfer Coefficients for 0.02 Cm. Diam. Platinum Wire in Liquids ™ 
10 Cm. Sec. Surface Temperature of Wire Below Boiling Point of Liqu 
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tures lhe tests could not be carried to a sufficiently high teny 
ture to show a second break in the curve which must occu 
cooling of the first type starts. The rate of heat transfer and the ten 
perature at this point are important characteristics of liquids fron 
present viewpoint, but no data on them has been located. 


he curves tor heat transfer at wire temperatures below tl 


boiling point of the liquids are practically linear over the’ short tet 


perature range covered heir inverse slopes, therefore, give heat 
transter rates in standard units independent of temperature so lon; 
as the wire temperature is within the linear range. Values of 

heat transter coefficients are given in Table [LV with data on certai 
physical properties of the liquids. Davis (11) also has observed heat 
transter coetherents by substantially the same method as Benedick: 
Some of lis values are included in the table. There is here furthe: 
verification of the previous conclusion that thermal conductivity 1s 
the dominant property in convective cooling, but it is also apparent 
that other properties have sensible effects. 

Data are available on vapor transport cooling also in th 
of Benedicks. Ii, however, the heat transfer coefficient in this 1 


be expressed in power input per unit temperature difference bet 





wire, it is no longer independent of the 
ht line through the observed poimts in this range, howeve1 


re temperature 


the ordinate close Lo thie boiling port ot the hurd 


the slope of such a straight line gives a heat transfer co 


for unit difference between wire temperature and boiling 


the bath which ts substantially independent of wire tempera 


thin the temperature range discussed 
leat transfer coefthcients for vapor 


transport cooling 
indicated are given in Table \ 


obtain (| 


Here it is apparent that the 


nts correlate better with heat of vaporization than with vi 


Table \V 


Heat Transfer Coefficients for 0.02 Cm. Diameter Platinum Wire at 


Cooling Liquids from Data of 
Moving at Rate of 10 Cm. Per 


Temperatures Sub 
-tantially Above Boiling Point of Benedicks. Liquids 


Second 


t\ 


Che viscosity of all the liquids tested, however, 1s small as is 


variation, so no definite effect attributable to viscosity can be ex 
|. lurther experimental work 1s necessary to demonstrate fully 


ction of viscosity in second stage cooling 
ne ot the matters of chief interest here is the relation between 
hysical properties of oils and their cooling power Phe only 


of cooling power who gives sigmihicant properties of oils 1 


lable [LV and his observations were made only on convective 
lt is obvious that in this stage of 


1 cooling VISCOSITY does not 


nounportant role. Similar observations on various types of oils 


cooling in the second stage would be quite valuable. 


ither do the references consulted on heat 


transter trom a 
it constant temperature give 


information showing directly 
fects of agitation during cooling in the first or second. stage 
v data found which has any significance i 


1 this connection 1s 
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that for heating of water at its boiling point and atmospheri: 
by a vertical iron plate given by McAdams (12). His figure 
that with active mechanical stirring, a heat transfer coefficient 
.tu. Chr.) (ft. *) (° F) is obtained, which is independent 


perature difference between plate and liquid within the limits 


lLooling Rate at Point 
at Jempersture T 
5ath Jempereture 
Diffusivity of Mete/ 
Half Dia. of Cylinder 
Coefficient of Hest Transfer 
in Col Atom2} CH sec.) 
Thermal Conductivity 
of Mets/ 








0.6 
Hb 
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Fig. 9—Steady State Relation Between Cooling Rate Inside 
a Long Cylinder and Heat Transfer Coefficient of Fluid in 
which Cylinder is Ouenched 


degrees Kahr. The coefficient is 500 for a temperature differen: 

- degrees Kahr. without stirring and increases to 1100 for a 15 degrees 
ahr. differential. When the water is maintained well below its boil 
ing point, 122 degrees Fahr., and actively stirred, the coefficient 
nearly as high as when the water is at its boiling point. 


The observations just described for water at its boiling point a1 


representative of vapor transport cooling during quenching in hot 


water, while those for water below its boiling point are representa 
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convective cooling. It 1s of interest to find that the more 
he boil. the less is the effect of agitation so long as the sphet 
te does not enter. McAdams suggests that boiling 1 ohly 
in a still liquid and that more and more of the surface is 
las the temperature differential increases. This view explains 
rease in rate of heat transter with the temperature differential 
eree of agitation until the spheroidal state occurs. During the 
stages of a water quench, the temperature differential is very 
which suggests that heat transfer coefficients of the highe: 
udes just given then prevail. 
\icAdams also gives data on heat transfer from a l-ineh dia 
horizontal pipe to water and various water solutions at thei 
points. All of the liquids tested including brine have less 
ty than water. This fact indicates that the cooling power ot 
in second stage cooling 1s actually inferior to water, an effect 
vealed by quenching experiments, possibly because it is masked 
shorter duration of the first stage in brine quenching 
Chere have been presented here observations of cooling rates dui 
juenching in various liquids which are indicative of differences 
heat transfer coefficients among these liquids. It is desirable to 
ss these observations in such a manner that they may be com 
directly with the observations made on heat flow from metal 
laces at stationary temperatures into liquids. This may be don 
addition to the experimental details usually stated, the diffu 
(thermal conductivity divided by density and specific heat) of 
metal used is given. Diffusivity values are available for the two 
ls which provided the data of Table Il and are: 


stenitic 0.035 


square centimeters pet 
' per cent Nickel Steel 


SeCe nd 


lardened 1.0 per cent Carbon 0.070 square 


centimeters pet 
per cent Chromium Steel 


second 
J 


the temperature range 25 to 100 degrees Cent. (75-212 degrees 


} 


lt the cooling rate within a hot cylinder immersed in a cold 


7 


Is proportional to the temperature at the point of measure 
cooling rate, dT/dt, is related to the cooling power of the bath, 
shown in Fig. 9. In this case H is the heat flow through unit 

ce area in unit time for unit difference between surface and bath 
rature, that is, H is a coefficient of heat transfer. This cooling 


nm is substantially realized during cooling in liquids when the 
; S S | 
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Ag 


range is not excessive and 


Fig. 9 can be employed 


perature of center 
Figs. 9 and 10, the heat transfer 


tures given in Table VI were estimated from the correspon 


temperatures on quenchit 
with temperature. This is contrary to t 


‘s some error in the values given due to this fact. 
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Table 


»/ 


I THE 


Vi 
Coefficients Estimated from Cooling 


Cylinders Determined During Quenching 


lemperature of 
Ssurtace | iquid 
itation Degrees Cent 
Nickel Steel Cylinder 
Stirred 5 20-25 
Stirred ® ZU 
None 51 20 25 
stirred ] 20-25 
Stirred 178 20-25 
Stirred () l 
Stirred > 1 
Stirred ’ l 
Stirred 18 1 
stirred YU l 
None / 10-2 
19 20-2 
( 20—2 
$10 (0-2 
S05 20—2Z 
600 20—2 
1) 20 2 
> 


Stirred 
Stirred S 
None 61 
10 ft./m 62 
940) 62 
160 6 
170 6 






the surface temperature, SO 


It is apparent from the 


than 0.4 of the temperature 
to find coefficients of heat transfer represen! 


tive of the temperature range 


perature at which a coefficient 
A means for estimating the 


range. Consequently, the relations 


- of the quench. 


heat transfer values for different sur! 
1 in air that the coefficient varies 
he initial assumption so thet 
It is improbabl 


inch diameter, others 1.0 inch. 


i in oil an 


Coefficients of heat transfer usually 
it is desirable to know the surface ten 


ticular cylinders from the cooling rate a 
and of bath are provided by Fig. 10. By means 
coefficients and surface tempera 


(< 


Steel Cylinder 


Coeth 


Watts 


m”) (°C) 


0.34* 
0.35 
0.063" 
0.039 
0.045 
0.37 
0.18 
0.13 
0.054 
0.044 
0.0018 
0.0024 
0.0035 
0.0048 
0.0062 
0.0077 
0.0092 


0.0106 


1) 60) 
0.051 
0.014 
0.010, 
0.0078 
0.0050 
0.0033 
0.0018 


t+ 


0.00055 


Rates at Center of S$ 


the center has cooled mot 


depend in some degree uj 


is estimated from the cooling rate 
surface temperature in 


t the center and the ten 
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SOs 


that this error is any greater than the experimental errors 
error is consistently in the same direction. 

re are few comparable data from static tests available, but 
nd are in fair agreement for this type of experimental work. 
m McAdams, the heat transfer coefficient for natural con 


Curve 


Diameter 
No. 


Diffusivity 
Inches 


cm per sec 
7.0 0.070 
iG 0.035 
1.5 0.035 

To = Jernp. at Center 


Ts = Temp. et Surfece 
To = Bath Temp. 





1.2 1.6 


oF Tre} 
Log i 7, ele 
10-——Steady State Relation 


Between 
Cylinder and 


Temperature Dre 


ooling Rate at ( 
irly Long 


ente! ot 
p trom Center 


to Surtace 
ion between a l-inch pipe at 55 degrees Cent. and water at 25 
grees Cent. is 150 Btu. (hr.) (ft. 7) (° F), while the writer ob 
ed a value of 110 under comparable conditions. In a previous 
per, the writer obtained a mean value of 2000 B.t.u. (hr.) (ft. *) 


for quenching in water from a high temperature with agitation 


All 


may be compared with the highest value already mentioned, 
0, or the maximum given by McAdams for heat transfer to a boil 
liquid, 4000. 


tation 1s about 700. 


~ 


The maximum for oil at high temperatures with 
For cooling in still air at 25 degrees Cent. 
legrees Fahr.) and surface at 75 degrees Cent. (165 degrees 


), McAdams’ value is 1.3 compared with the writer’s 3.3. The 
ence for air is rather large, but diminishes rapidly as the sur- 
temperature increases to 2.9 and 4.2 respectively at 195 degrees 
385 degrees Fahr.). It is clear, therefore, since the differences 
n liquids of interest are mostly large that the values obtained 
two methods may be used interchangeably with discretion. 
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lf the heat transfer values estimated from cooling rat 
pared with the data obtained from fine platinum wires. 
it will be found that the former values are very much lower 
chiefly due to the size of the test cylinder, a well recognized 
convective cooling which tends to vanish for diameters ove; 
\ similar effect may be present also when cooling is of tl 
type, at least the value in Table V for water is much highe1 
writer's value just given for a steel quenched in water with 
trom a high temperature. Information has not been fou; 
would permit correction for the size factor in the observa 


second stage cooling. 


Quenching 


The dsta collected together here from various sources 


be put int’ a more condensed form for practical use. That 


During 


by listing the liquids concerned in the order of their activity 


VII. Each column represents a difference from the next of appr 


voling 
( 


Cc. 


mately half or double. The classification with respect to observer 
desirable because the different test methods may not yield compa: 
results in all cases. It is improbable, however, that there is a) 

of more than one space in the table. With the data in this form 


) «1 


of Surface 


Ol 


is in a better position than before to discuss the selection 
tor the hardening of steels. 


f 
be 
Df 
> 
i 


SELECTION OF QUENCHING MEDIA 


There are many factors involved in the selection of quenching 
agents which might be discussed, for example, cost, stability 

quenching characteristics, physiological effects, ease of removal fro 
work, corroding action in steel, loss by dripping, effect on scale ad 
herence, fire hazard, fumes and odor. Here, however 


of Liquids in the 


, attention | 
restricted to the more fundamental properties which determine dept 


Activity 


of hardening, distortion and residual stresses. Selection in practi 
should, of course, be made from among the media having satisfa 
tory fundamental properties on the basis of their secondary chara 
teristics. 


ENED SR IAS Sat 
Relative 


General shop practice does not tolerate any great variety 
quenching liquids nor do more than three appear to be really neces 
sary 1f proper attention is paid to the selection of the steel. The hard 
ener cannot be expected to produce in a steel of improper analysis 
specified properties by manipulation of quenching practice. Actual! 
the composition limits for steels to be fully hardened are definite! 


bikin 


lixed by the size, shape and properties required of the part 
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the quenching medium available in the shop which will 


more distortion than can be tolerated. The problem is the: 





the least number of quenching media having dependable 





which will harden a great variety of sizes and shapes of proj 





positions with the maximum economy of alloy content that 





sistent with the degree of distortion permissible and do so 





cracking the steel. 





Chere are at least two distinet types of quenching media 





in general hardening practice, one tor parts of homogeneous « 





tion which require only superficial hardening and another { 


i < irt 


which must be hardened fully with little distortion. When 








hicial hardening is adequate and distortion is not a serious pi 





plain carbon steels are used because ot their low cost and LO «in chi 





ability. [xcept in very thin sections, an extremely active quench 








required for carbon steels. In fact considerations discussed elsewh 


LIiCTE 








(8) indicate that the fastest quench attainable is best if th 
position of the steel is such that hardening is then very shallow. Th 





thinner the shell the less is the volume change and _ distortio: 








quenching. With very shallow penetration of hardening, howevet 








the surface cooling at high temperatures must be exceedingly fast 





insure hardening in untavorable locations. 





\ll of the test results listed agree in assigning to cold water o1 





aqueous solutions highest cooling power in the second and 





stages, High cooling power in the third stage is probably not esse 





tial, but 1s tolerated in water at least, because of its exceptional coo! 





ing power in the second stage and its availability. The worst featur 





1 


of water ts its tendency to form a vapor blanket, first stage cooling 





varticularly when warm. In quenching a large mass, the heat ex 
| 2 2 








tracted trom the piece may be sufficient to warm the water locally and 





prevent thereby uniform hardening though the tank of water be o! 
adequate size. 








l'rom the mechanism of cooling in the first stage, it appears t 





he quite certain that agitation is an effective means of preventing for 





mation of a vapor film. French's observations on spray quenching 








show a greater increase 1n cooling rate with spray pressure than would 





be expected were first stage cooling absent at low pressures and 





thereby support that view. Such a quench produces cooling rates 








very close to the maxima theoretically attainable (8). Submerged 





spray quenching is used in practice (13) on steels of the exception 





ally shallow hardening type. 








SARE Te: eas 


co amamnesy 


us directed agitation is not generally applicable to other 
etly symmetrical shapes. rojyections on a piece shield cet 


from the full foree of the liquid stream. For unsym 


cw 


hapes of otherwise favorable contour, a liquid is needed 
1 though motionless, will produce surtace cooling rates ap 


That might be accomplished with 


Veer ral 


those of a water spray. 
quench if vapor blanket cooling could be prevented. 


e experiments of Sato, a thin ceramic coating is helpful im 


ction. Common salt as well as other morganic compounds 
in water is mildly favorable and probably effective when 
small mass is involved. Concentrated sulphuric acid stands 


minently in this regard and cools slower in the third stage than 
which characteristic may be advantageous. There is evidently 
eed for a liquid which has much the same quenching charac 
as sulphuric acid and can be used without danger to workmen 


cs 


complicated machined parts where complete hardening 1s es 


i quenching medium is required which cools tast enough to 


the expense of an excessively high alloy content without im 


equally expensive distortion. It has already been shown 


he best compromise 1s afforded by a medium that assures fast 


ol 
O00 to 500 degrees Cent. and a decrease in rate much slowet 
()f course, no 


ll parts of the body quenched through the temperature 


he linear change demanded by Newton's law. 


Lif 


iedium wall be best in this respect for all sizes, shapes and com 


ms, but the general characteristics of this type medium may be 


sed to advantage. 
Qhils, either mineral, vegetable or animal, meet very well the 
lirst stage cooling 1s not prominent in them 


cations set forth. 
Though only 


power in the second stage 1s reasonably high. 
'; of that of water, cooling rates at the center of large steel 
ire not so seriously affected as the difference in cooling powet 
indicate. Thus, a long steel cylinder of a particular composi 

y be completely hardened when not over 2.5 inches diametet 
lenching in water, while a diameter of 2.0 inches can be fully 
rates in the third stage are relatively much 


ned in oil. Cooling 
\lso, the rate of cooling 


tor oil quenching than for water. 
third stage of oil quenching can be materially reduced by heat 
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e bath without intensifying first stage cooling. 
t all oils have equally favorable characteristics. Available data 


() 
. \ 


cooling power ot oils, however, provide little assistance in then 
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election because sufficient mtormation to specity completely 


position ol oils tested 1s rarely elven out, and no vreat variety 




















has been tested. Gnullett (14) has made such cogent remarks « 


inv this situation that further comment would be merely repetit 
Much attention has been given to the possibility of findis 
oll, 


substitutes tor 


as 


Hot brine, emulsions and glycerin 
ethylene glycol and sodium silicate solutions in water have be: 
posed and in some cases used in practice. The use of thes 
however, is based on the erroneous assumption that quenching 
which will cool identical specimens through the same tem). 
range in equal time are necessarily equivalent one to the ot! 
quenching practice. ‘This assumption neglects the important fact 
cooling rate variation with temperature. In the liquids menti 
the cooling rate variation of oil 1s nearly reversed, that is, coolit 
slow at high temperatures, 


his 


quenching cracks if the initial rate is fast enough to produce fu 


due to vapor stage cooling, and 
low temperatures condition is ideal for the producti 


hardening. It appears, therefore, that more might be gained by ain 

ing to improve quenching oils by study of their fundamental prope: 

ties as coolants than by looking for a substitute containing water 
here is, nevertheless, a possible application for media in whiel 


lirst stage cooling dominates. The gap between oil and air co 
is very large as shown by the following cooling rates for the cente: 
of l-inch diameter cyiinders at 550 degrees Cent. (1020 degre 


lfahr.): 


Watet 60 degrees Cent. per second 
Ol 25 degrees Cent. per second 
\ir 1 degree Cent. per second 





lt would appear, there, that a medium producing a cooling rate o! 
say between 5 and 10 degrees Cent. per second can be used advai 


tageously. In some cases air-hardening steels are used to pern 











hardening with minimum distortion, but their high alloy content an 
poor machinability prohibits their general use. A cooling mediu 
intermediate between oil and air would provide a more practicabl 
means for achieving nearly distortionless hardening than does air and 
permit, as well, the use of a wider range of steel compositions. 

Che soap solution of Pilling and Lynch should provide a co 
rate ina l-inch round of about 5 degrees Cent. per second, a rat 
In this liqui 
when hot, cooling 1s of the first type to quite low temperatures. The 


roughly 5 times that of air, but one-fifth that of oil. 
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ver, a short range ot second stage cooling below 500 degrees 
030 degrees Kahr.) that may be avoided by removing from 
and air cooling—at the proper time. Whether or not this 
ir medium is suitable, it illustrates well the possibility of a 
oe of medium for the heat treatment of steel. 
order to overcome the limitations of a single quench, a double 
-immersion for a few seconds 1n one liquid before transferring 
ther is sometimes used. Water followed by oil is the usual 
ce, but the results can hardly be reproducible or satisfactory 
urface layers are suddenly cooled then reheated from the inside 
transfer through air with unknown effect. Such practice is 
y introduced because of failure to select the right composition 
first place, and may be avoided accordingly. 
\nothet duplex practice is to use immiscible liquids in two layers 
as oll on water. Kecently, the order of this pair has been re 
ed by use of an oil which is more dense than water. As described 
I\imbara (15), interesting results were obtaimed. ‘This variation 
the double quench has the advantage of not requiring transfer 
ugh air. It would seem preferable, however, to obtain in a single 
ul the advantage attached to the double quench, namely, faster 


at high temperatures, by further development of quenching 


SUMMARY AND CONCLUS:ONS 


\ survey of the literature pertaining to the quenching of steels 
is three distinct stages in the cooling of a metal surface }y 
ids from a red heat to room temperature. ‘The first and highest 
perature stage is one of slow heat transfer due to a vapor film 
parating the liquid from the metal. It is most prominent in liquids 
ow and sharp boiling points, such as water, particularly when they 
hot. It is not discernible during quenching of small specimens in 
ncentrated sulphuric acid and in some oils, nor is it magnified by 
erate heating of these liquids. The importance of this stage re 
sin the need for preventing its occurrence in practice. 
he second stage in surface cooling 1s the one of most active heat 
ter due to the great quantity of heat that can be carried away 
mechanical transport of the vapor of many liquids and particularly 


It prevails at surface temperatures which will not maintain 


por film, but which produce active boiling. Water is clearly the 


active liquid in cooling of this type followed closely by solutions 
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of morganic compounds in water and by concentrated sulphur 
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it transter coefhcients for water range from 2 


tt. -) (hr.) (© FY) and probably higher during 


ing under a high pressure water spray. Quenching oil is less 


maximum coefficient with moderate agitation being. abor 


u. (it. 7) 


( ooling 


(hr.) (° EF). 


in the third stage is by convection, since the s 


perature of the metal is below the boiling point of the 


Uhermal conductivity of the liquid is the chief property deter 


activity in this stage. More is known about convective 


In discussing the selection of quenching media, at least two 1 


steel must 


dening the 


Shallow penetration of hardening minimizes distortion and is } 


will give as fast cooling or nearly so in unfavorable locations wit! 


agitation. 


required throughout any section or when distortion is a major difh 


in about the other types of cooling in liquids, but this stag: 


Wnportant mm quenching than the others. 


be recognized. One, plain carbon steel, is used 


steel (production of martensite) to a moderate 


below the surtace 1s adequate and distortion is not a serious prob! 


obtained by a medium which cools at rates very close to the highest 
theoretically attainable, provided the steel composition is appropriat 
lligh pressure submerged water sprays appear to do this well for 


symmetrical shapes. Unsymmetrical shapes require a medium whic! 


Ll 


\pparently concentrated sulphuric acid is the best 


liquid known at present for this purpose, but 1s objectionable becaus 


of the danger attending its use. Brine is better than water, but pro! 


,/ i 


ably satistactory only for small parts. 
The othe 


r type of steel recognized is used when full strength is 


ii 


y. It is an alloy steel in sizes over about 34 inch round, the alloy 


content being greater the larger the size. Ouls specially prepared for 
quenching are quite satisfactory for this type of steel, because they 
provide the reasonably fast cooling rate at high temperatures neces 
sary for deep hardening. 


Quenching oils cool slowly at low surface temperatures, a fay 


further 


able characteristic, for it reduces distortion and the danger of crack 
* reduction in their cooling power at low metal tem 
peratures can be made without detracting from cooling power at high 
temperatures or increasing the duration of the first stage by raisi 

the oil temperature. The relations between the cooling characteristics 


of oils and their physical properties or compositions have not | 
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in sufficient detail to permit) writing specifications for 
oils 

iter solutions with several liquids have been proposed as sul 

for oil, but are unsatistactory because they readily develop a 

blanket and their cooling power does not fall so rapidly with 
temperature as does that of oil. 

or applications where oil quenching causes too much distortion, 

nching medium having cooling power intermediate between oil 
might be used in place ot air cooling with consid rable advan 
\ soap solution in water has a cooling power at high tem 

ires of the right magnitude, but if its properties are otherwise 


actory, withdrawal followed by air cooling would be necessary 


id faster cooling at low surtace temperatures. 


preparing this paper the writer has drawn heavily from in 


ition on related subjects supplied by his colleagues, particularly 
WV. Schad, J. G. Ford, Dr. H. D. Holler and Dr. W. N. Stoops oi 


Westinghouse Research Laboratories, whose valued assistance 1 


tefully acknowledged. 
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remain uncertain until appropriate experimental work 1s done 
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of heat transfer from a 
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the proper guide toward the experimental work requisite to the 
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» the 
liquid depends upon the dimensions and physical properties of both the 


it is an effort to analyze a complex problem upon which 


h 


{ 


as 


1} 


hat 


ll 


Cie 
pul 


the author divides the process of quenching 


a breakdown of this film, heat being then mainly 


transterred 


by 


evaporation and convection; finally, the third phase, during which 


The problem of quenching is simpler in extreme cases such 


determined by 


Sice, 


the 


heat 


diffusivity 


fully effective in that temperature range. 


ik 


ferred by conduction, and by convection currents, within the liquid. 


as 


phases, the initial phase, during which a continuous vapor jacket, or filn 


thereby preventing effective heat transfer; the second phase is characte 


«cl 4 


al 


+} 
| 


large mass of metal where the speed ol cooling in the central region is 
of the metal itself; whereas with sm 
jects it is dependent chiefly on the qualities of the quenching medium 


according to the results of Bain and Davenport for successful 


about 1000 degrees Fahr., it is most important that the quenching medium 


\ factor of possible significance is how effectively the quenching liquid 


metal in the range 


by wate 


p ot water 


author. 
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in 


wetting 


no debatable 


around 10C0Q degrees Kahr. 


Author’s Reply 


points are 


brought up by Dr. 


a red hot platinum dish for a surprisingly long 


is to be considered together with the first phase 


kor instance platinum 
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time 


the decisive factor is the actual quenching speed in the temperature rai 


at incandescent temperatures, which makes it possible to kee; 
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BRIGHT ANNEALING OF STEEL IN MIXED 
GAS ATMOSPHERES 


MARSHALI 


‘ lbstrad l 


When polished low carbon steel is annealed in gas 
rtures containing CO, CO,, H, and HO, tt is necessar\ 
» have a definite balance in the amounts of the various 
ases present if one wishes to maintain the quality of thi 
surface unimpaired. If this 1s not done one usually ob 
ains an elched surface on the steel and in extreme cases 
ven a deposition of carbon. 
This is caused by two chemical reactions which ar 
atalyzed by the iron surface; 
-CO CO, + C 
CO, + A. CO + H.O 
is necessary to maintain the relative proportions of thes 
rases so that they correspond roughly to equilibrium con 
tions at O50 degrees Cent. 
In practice a very sumple method is described for ob 
aining a continuous supply of such a complex mirvtur 
f the right chemical composition, 


| N the annealing of polished low carbon steel where it 1s necessary 


to preserve the original finish unimpaired, it has generally been 
sumed that good results could be obtained by heating the material 
a closed container in which a neutral or reducing atmosphere was 
intamed. It has usually been assumed to be necessary to remove 
oisture from the gas and in regular mill practice it is dried with 
meentrated sulphuric acid. [or this service commercial hydrogen, 
ssociated ammonia, producer gas, coke oven gas and even natural 

have been used; the last two with indifferent results. It 1s 


to operate with coke oven gas which has been carefully 


In this investigation a study has been made of the use of gas 
xtures obtained by the combustion of hydrocarbon containing gases 
deficiency of air. The conditions to be observed in using these 
\ paper presented before the Fifteenth Annual Convention of the society 
in Detroit, October 2 to 6, 1933 The author is associated with the 


rch Laboratory of the General Electric Co., Schenectady, N. Manu 
received July aa. 1933 
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vas mixtures have been rigorously investigated and successful 
have been obtained in commercial equipment comparable wit! 


obtained by the use of hydrogen or dissociated ammonia 





PRODUCTION OF GiAS ATMOSPHERES 












The 


fractory and filled with crushed refractory impregnated with 











burner chamber consisted of an iron tube lined wi 


able catalyst. The refractory must be capable of withstan 
temperature of 1300-1400 degrees Cent. (2370-2550 degrees | 
he outlet gas passed through a water cooler and the wate: 
densed from the gas was collected through a dump valve and 
ured. The volumes of the input gas and air and of the gas fo 


were measured and the gas was analyzed, Table |. The gas 














Table | 
Experiments with City Gas 
Ratios 








Flow Sheets of Various 
Per Cent 
Cu. kt Water Ik 
I eriment City Cu. Ft Ratio Cu. Ft Vapor in 0) 
Number (jas Used Air Use Air:Gas Output Output Gas Gas |i 










1476 0.0 
OU 
Od 
647 















Analysis of City Gas 








CO C.H. re) CO Hl CH, N 
] = 1.6 7.0 ia 2 > 









Analysis of Output Gas on Dry Basis 


was Schenectady city gas. Various ratios of gas to air were us 
and a material balance was calculated for each experiment. Th 
material balance gives one a measure of the accuracy of the expe! 


ment and also a more detailed story of the changes taking plac 








during combustion. In using these gases for bright annealing 

is necessary to remove any ethylene or oxygen left in the gas al! 
combustion. In our experiments methane up to 10 per cent has be: 
present and appears to exert no influence other than that of a diluent 


The figures given in the input-output balance are in arbitt 












the amounts of C, H., O. and N, in input and output should 


ual and deviations from equality are due to experimental erros 


Material Balance 


In Table Il a compilation is given of the various gas mixtures 
can be obtained by the combustion of city gas in a deficiency 


Uhese results are illustrated graphically in Figs. 1 and 


Table Il 
Gas Mixtures Obtained by Incomplete Combustion of City Gas 
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EXPERIMENTS ON BrIGHT ANNEALING 








The first indications of the complications attending th 


complex gas mixtures for bright annealing came from the 






a gas containing 25 per cent CO and 75 per cent H,. The ste 






was heated for several hours at 650 degrees Cent. (1200 






ahr.) in a quartz tube with gas flowing through the tube. 






end of the experiment it was found to be badly etched and 



















vel 
Nl. 
0 ! 2 3 4 5 
Ratio Air to City Gas 
Fig. 2—-Analysis of Gas Obtained by Combustion of If 
City Gas in a Deficiency of Air. ; 
l1t10 
in ; ° : hese re 
matte finish. There could be no question of alternate oxidation and ead 
reduction in these experiments, as we were dealing with a strongly Ke oe 
reducing atmosphere. The drier the gas was made the worse the oo 
etch became. scaled 1 
It is a common experience in contact catalysis that the catalyst os 
becomes more active with use and the surface rougher. It has been | 
assumed in this case that the steel is active as a catalyst for several ‘bl 
possible reactions between the components of the gas phase. Ther 
are two reactions which have been studied in particular and the re | 
mainder of this paper will deal with this phase of the investigatior - 
The important constituents of the gas phase are, carbon monox P 
ra 






Ree Chee 


ide, carbon dioxide, hydrogen and water vapor. The two reactions 





BRIGHT ANNEALING OF STI 


idered amongst these components are the produce 


r gas reactions. 


CO CO. + ( 
CO. + H CO + H.O 


us consider first the conditions of equilibrium for thes 
The best data available for the producer gas reaction 


ven in Table IV. Table V gives the data for the water gas 


Table IV 
Equilibrium Data for Producer Gas Reaction 


(CO)* 
kK (Where concentrations are in 
(COs) atmospheres ) 


Temp. Degrees Cent. KK 
500 0.0046 
600 0.087 
650 0.30 
700 0.87 
750 2.40 


304 (10) 1 


0.92 at 132 (10) 


If the compositions of the gas do not correspond to equilibrium 


nditions at the temperature of the experiment it is possible for 
reactions to be responsible for etching the steel. The most 


portant temperature is the maximum temperature used, namely, 


1) degrees Cent. (1200 degrees Fahr.), since it is well known that 


on rates increase with temperature and hence the reactions 
be proceeding most rapidly at the highest temperatures used. 
ive been able to demonstrate that both of these reactions are re 
(CO) 
‘ible for etching. When mixtures are taken in which equals 
(CO, ) 
(CO) (H,O) 
nd — — equals 0.50 there is no visible change in the 
(CO,) (H.) 
irance of the steel when heated for as long as 15 hours at any 
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Table V 
Water Gas Equilibrium Data 






(CO) (HD) 


kK (Concentrations are expressed 
(CO.) (H2) in atmospheres ) 
Temp. Degrees Cent. K 
450 0.133 
500 0.200 
550 0).282 
600 0.384 
650 0.500 


700 0.637 








2068 
Log K t+ 1.54 log T 1.73(10) "1 
T 


t §.15(10) ‘T 7.14 (10) "T° + 1.41 















temperature below 650 degrees Cent. The gas must be cor 
freed from unsaturated hydrocarbons and oxygen. 

There are two other reactions to be considered, but thes 
easier to control. It is necessary to maintain compositions w!1 
avoid oxidizing conditions in the temperature range 300-650 deg 
Cent. These can be determined from the equilibrium conditions 
the reactions. 






KFeO + CO Fe + CO 
kKeO + H. ke + H.O 












Kig. 3 is a graph of the equilibrium constant of reaction 
















as a function of temperature. The carbon dioxide content o 
gas must not exceed 75 per cent of the carbon monoxide content 
if the steel is to remain unoxidized at all temperatures below 65 
degrees Cent. (1200 degrees Fahr.). The data for reaction 4 

given in Fig. 4. An atmosphere of 5 per cent water vapor in hydro 
gen cannot oxidize steel at any temperature above 300 degrees Cen! 
(570 degrees Fahr.), and it has been shown experimentally that wit! 
this quantity present polished steel can be cooled very slowly fr 
annealing temperatures without oxidation. In fact, in some e 
periments the moisture content was as high as 0.2 times the hydr 
gen content of the gas without any signs of oxidation appearing 
With the ratio (CO.,) to (CO) equaling 0.75 it is possible to wor! 
with a ratio of (H.O) to (H,) equaling 0.25 without oxidi 

the steel at any temperature below 650 degrees Cent. This is illus 
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by the result given in Fig. 20. It 1s possible to work with 

of (CO,) to (CO) equaling 2.0 provided the ratio (HO) 

is correspondingly lowered without oxidizing the steel. If 

-e conditions are met it is possible to anneal low carbon steel 

wide range of compositions of mixed gases and leave the sur 
the sample unchanged. 

is. 5 and 6 are photomicrographs of two experiments which 

rate the results obtained. Fig. 5 deals with a gas containing 


Oxidation « 


per cent CO, 1 per cent CO,, 75 per cent H. and 0.6 per cent 
(). The sample was heated to 650 degrees Cent. for 7 hours and 
i beautiful matte finish at the end of the experiment. The gas 
for treating the sample in Fig. 6 had the CO, and H,O in 
ised so that (CO)* to (CO.) equals 0.24 and (CO) (H,O) to 
O.) (H.) equals 0.58 and came out unchanged after 5 hours 
6050 degrees Cent. The composition in this case was 18 per cent 
.. 0.9 per cent CO., 60 per cent H, and 13.5 per cent HO. It 
necessary to increase both the carbon dioxide and steam content 
btain this result. The parallel lines in the photomicrographs 
ling marks in the steel used. The black patches in Fig. 5 are 
in the steel surface caused by catalytic activity in promoting 
roducer gas and water gas reactions. 
\ considerable body of experiments have been performed to 


rt this contention and the results are given in Table VI. 


igs. 7 and 8 illustrate very clearly the important role played 


isture in these gas mixtures. The same gas was used in both 
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xperiments but for the sample illustrated in Fig. 7 it con 


0.18 per cent water vapor, while for Fig. 8 the moisture con 
is 2.6 per cent. In the first case the water gas content was 
while in the latter it was 0.28. Experiment has shown that 
ratio (CO)* to (CO,) be less than about O40 the ratio 
H.0) to (CO,) (H.) may be made as low at 0.06 to 0.07 
etching begins to appear. 

ivs. 8, 9 and 10 illustrate the nature of the results obtained 

eases from the incomplete combustion of city gas. They are 


ctively 2.0, 2.5, 3.0 parts of air to one part of city gas. The 














# xl10)% 


hig. 4-—Equilibria in the Oxidation of Tron by 
HH H.O Mixtures 


itant gases have been purified to free them completely from 
ne and oxygen. With these gases the ratio (CO)* to (CO,) 
naturally with a value less than 0.35 and the moisture content 
e easily adjusted so that the ratio (CO) (H.O) to (CO,) (H,) 
the range 1.0-0.06. 

vigs. 11-14 deal with gas mixtures containing CO and CO, 


~ 





RANSACTIONS 
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Fig. 5—-Surface Appearance of Cold-Rolled Strip Steel After 7 Hours 
at 650 Degrees Cent. H.O—0.6 

ig. 6—Cold-Rolled Strip Annealed 5 Hours at 650 Degrees Cent. CO 
HLoO 13.5; COs 6.9; (CO) (CO.) 0.24; (CO) (HeO) + (COs) (He) 

Fig. 7—-Cold-Rolled Strip Annealed 15 Hours at 650 Degrees Cent. COs 
10; Hy 19.6; Hs2O 0.18; (CO)? + (COs) 0.21; (CO) (H,gO) + (COs) (Hs: 
Light Etch 

Fig. 8—Cold-Rolled Strip 634 Hours at 22 Degrees Cent Hs. 19.6% 
+8 HeO 2.6; (CO) (CO,.) 0.21 (CO) (HeO) =~ (COs) (He) 
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Hours at 650 Degrees Cent Saturated at Devzrees Cent 
1.7%; HeO 2.6%; (CO)? (CO,) 0.11; (CO) (HO) 


Hours in 3 Air 1 Gas Saturated at 0 Degrees Cent H 
0.6; (CO)? (COs) 0.066; (CO) (H.O) (COs) (Ha 
Heated & Hours at 650 Degrees Cent CO. 7.0%: ( 

(CO.) 0.89. No Etch. 

Hours at 650 Degrees Cent. COs 4.25%; CO 24.9%; H 
(CO.) + (CO) 0.17. Dry. No Etch 
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Fig 13-7 Hours at 650 Degrees Cent CO, 1.9%: C 
(CO) (CO,) baa: (CO) (CO) 0.08 No Etch 

Fig. 14 , Hours at 650 Degrees Cent. CO. G2: 4) 25 
light Etch 

Fig l Three Hours at O50 
Moisture Bad Etch 


Fig. 16—Electrolene. 1 Hours at 650 Degrees Cent Matte Finish Ho 
C0) c 


207 « 9 ae eo: (CO) (CO.) 5.4; (CO) CHeO) 
(H.) O85 


Degrees Cent CO, 1.97%; CO 22.95%: 








— ee ee eee Se ee oe eS ee. eee ee eee ee. OD 
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: 50 Devrees Cent ( 
(CO.) 34; (CO) CHO) (CO), ) 
18 Seven Hours at 650 Degrees Cent (0) 
(CO) (CO.) 13; (CO) (HeO) 
Six Hours at 650 Degrees Cent CoO 
(CO,) 0.94; CO & HO CQO 
Fifteen Hours at 650 Degrees Cent { 
(CO,) 0.82; (COe)=— (CO) 
(COs) (He) 1.13 No Etch 
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« os 
= i eolioke = 


Hours at Degrees Cent Gj 4.9%: CO 20.6%: He. 21.5%; H 
(CO) (CH.O) (CO.,) (He) 0.42. Mild Et 


Fig 
15%: (CO) (CQO.) 
Slightly Matte 
Fig. 22—Eight Hours at 650 Degrees Cent. CO. 6.1%; CO 19.5%: He 
2%: (CO) (CO,) 0.63; (CO) (H.O) (COs) (Ba) 0.44. Slight 
Fig. 23—Seven and Hours at 650 Degrees Cent. CO. 8.2%: CO 
16.6%; HO (CO) 0.50; (CO) (HeO) + (CO) CHe) 0.49 


Visible Etch 


16 
Etch 


) 


one-half 
(CO.) 
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ces of hydrogen present. In these cases the ratio of (CO) 
approaches 30 for the sample ot ig, 14+ betore Inciplent 
starts to appear. For the sample of Fig. 15 where 6.5 pet 
hydrogen has been introduced but no moisture the samp:e 
ched badly in 3 hours, although when the hydrogen is reduced 
per cent of this value no etch appeared in 7 hours. Thess 
in conjunction with many others show the marked effect ot 
en in catalyzing the producer gas reaction at an iron surface 
s. 16-23 deal with gas mixtures in which etching has been 


by the producer gas reaction. 
21 CO. + C 


(he proportions of the gases present have been so chosen that 
yvater gas reaction cannot be responsible for any of the etch 
btained. In fact, a comparison of Figs. 20 and 21 shows that 
crease of the water gas content has been able to prevent etch 
vhich would otherwise have taken place. Another way of sayin 
same thing 1s that a marked decrease in the hydrogen content 

gas has prevented etching. This agrees well with the obser- 
ms on Figs. 13 and 15. These results show that when the ratio 
())* to (CO.) is less than 0.5 and the water gas constant of the 
ture is approximately 0.5 it is possible to anneal at temperatures 

650 degrees Cent. (1200 degrees Fahr.) without changing 


ppearance of the surface of the steel. 


SUMMARY 


Complex gas mixtures containing carbon monoxide, carbor 
ile, hydrogen and water vapor will etch low carbon. steel 
degrees Cent. (1200 degrees Fahr.) unless the compositior 


maintained within certain limits. 
'. The reactions responsible for the etching are the produce: 
nd the water gas reactions. 

2CO CO. + C 


CO. + HH. CO + H.O 


It is possible to anneal low carbon steel with hydrogen 


ning 20 per cent water vapor without any appearance of oxida 
n cooling the sample slowly from the annealing temperature to 
temperature. 
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4. With gas mixtures containing carbon monoxide. 
dioxide, nitrogen and traces of hydrogen (less than 0.75 1 
the ratio (CO)? to (CQO. ) can be increased to about 30 bef: 
ing starts to appear. When about 6 per cent hydrogen is 
the sample etches badly with a ratio (CO)* to (CQO, ) 2.6 

5. With the ratio (CO)* to (CO.) kept at 0.4 or | 
product (CO) (HO) to (CO,) (H.O) can be varied fr 
to 0.06 without any appearance of etching. When the produ 
to 0.02 the sample starts to etch badly. 

6. With the product (CO) (HO) to (CO,) (H,) maint 
at a value of 0.50 the ratio (CO)? to (CQO.) cannot exceed ( 
the sample is to be annealed to 650 degrees Cent. without et 

7. Gas mixtures have been obtained by the incomplete 
bustion of city gas in air which are suitable for bright anneali 
carbon steel if the moisture content is properly controlled. 


has been successfully demonstrated in a commercial installation 








8. It is necessary to free the partially combusted gas complet 


from ethylene and oxygen. 


9. A table is given of the gas compositions that can be obtain 


in this manner. It will be observed that many of these gas mixtur 


will be nonexplosive when admixed with air in any proportion 
[n conclusion I wish to express my thanks to Maynard C. 


who performed all the experiments described in this paper. 


DISCUSSION 
kK. bk Mr. Marshall 


practical problem of excluding oxygen from these gases for various 








luum:' I regret that 





annealing operations. 


when very little of this gas leaked through a small section of rubber 


did not say more about 


He spoke at the beginning of the difficulties encounter 


and in his very last sentence he said that it was necessary that oxygen av 


ethylene both be absolutely excluded. Some of us who are not as well 





our physical chemistry as we might be, would inquire why this trace of oxy 


would not be consumed in the excess of hydrogen which is present in thes 


gases with the formation of a litthe more of the water vapor; if only 


amount of oxygen were to leak in, the amount of water vapor in the final ai 


alysis could not be increased very much. 
Ot course, this matter of oxygen is of large importance, practically 


quantity production of gases for bright annealing entirely free of oxygen i 


an easy problem at all. Furthermore, we must always remember that eve! 


time a turnace is open to put in a charge, if it is a continuous furnace 
air gets in; or every time a charge is started there, if it is a pot type fur 
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me residual air in the turnace no matter how many pains are take 
the container before starting the run. Consequently, it seems to mi 
conclusion that a bright annealing eas, to be valuable in. the plant 
wtion, should have a definitely reducing action, and an oxyvgen-consum 
for the reason just stated 
e there is always some oxygen which must be consumed after the 
vets started, and since any steel ready for annealing, no matter how 
t looks, will be oxidized a little, and will be oxidized a little in. the 
rt of the process while the steel is being heated up, this oxide must 
removed if the annealing operation is truly a “bright annealing” on 
JOMINY l am sorry | did not have an opportunity to read thi 
rive it some study 1 am inclined to think as Mr. Thum does about 
of reducing gases in consuming oxygen 
1m also wondering if the author could tell us what the formation 
rticular type of etching is due to; that is, what type of reaction it is 
I, Ross I believe the paper that Mr. Marshall has just read is ot 
portance, particularly in reference to metals which are to be subjected 
e treatment after annealing. I would like to ask Mr. Marshall if this 
of annealing is not of particular advantage on sheets, tubes and other 
parts which require nickel or chromium plating or other coatings \n 
by these methods, according to my experience, decreases the cost of 
and other preparatory operations necessary betore the application of 
red finish 
Kk. RemMers:* May I inquire of the author whether he has checked 
iemical composition before and after these etches. In annealing similar 
itions of high nickel, iron and chromium, we find a change in the com 
n of a sample taken across the entire section of the sheet after some of 
neals in which a deep etch occurs. 
[hese sheets, when mounted in a suitable alloy for microscopic examina 
idjacent to the surface, show a decided etching along the grain boundaries 
that reason | think that in discussing surface effects from annealing we 
id separate these two effects into two distinct groups, that of oxidation 
iling and that of etching where material has actually been removed 
lt may be a carbonyl of iron or iron and nickel made stable at higher tem 
tures by the influence of some other element such as chromium which r: 
some of the metal from the grain boundaries. I have not followed that 
ugh to be prepared to say, but perhaps the author has 
kr. CR. Austin?’ I can see the possible application of some of this work 
e tin plate industry. I understand that there are some troubles arising from 


itting in the tin plate manufacture whereby “egg-shell” patterns are formed 


‘ 


ie authors appear to have arrived at an explanation for the mechanism of 
in this particular case. 


lurgical Engineer, General Motors Research Laboratories, Detroit 


lurgical Engineer, Acme Welded Pipe and Coil Co., Detroit 
rne Works, Western Electric Co., Hawthorne, Il 


nghouse Electric and Manufacturing Co., East Pittsburgh, P 



























































































































































prints of a paper of this character. 
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THE 





It is unfortunate that preparations were not made 





M. 





tor 


the 


ISSU 


The question was raised with respect to the effect of oxygen in 


operations. 


We have been particularly interested in the program of 


leading to the formation of color films due to the presence of small 


of free oxygen in certain critical temperature ranges. 


It would seem that in the presence of excess hydrogen the react 


would take place would be in the direction of the formation of wate: 


There is little doubt that this does occur at elevated temperatures so 


oxygen in a commercial furnace would be burned to water vapor. T) 


controlled atmosphere fed into the furnace is free from oxygen no tar 


ot a steel charge will occur. 


Furthermore, considerable amounts of wate 
are permissible under this condition. 


However, if the gas passing into the furnace contains minute am 
oxygen, as the temperature is reduced to 400 to 500 degrees Cent., the 


shifts toward the side of iron oxide formation, and this is revealed by t! 
duction of stained ot 


This point is brought out to emphasize that even though it is not 


tarnished metal. 


ticable to clean an industrial furnace free from oxygen before a heat 


done automatically at annealing temperature when hydrogen is used 


controlling atmosphere. 


the cooling cycle the gas fed into the furnace must be rid of free oxygen 


desired to completely bright anneal. 


aes 


Cowan :° 


‘There 


subject under consideration. 


| was very much interested in the etching action found on these sheets 
wonder with the others just what that might be attributed to. 


are 


a 


great 


many 


very 


interesting phases 


L believe 


one mentioned oxidation, and while it is not possible to tell from the 


graphs given just whether this etching action is similar to the reducti 


oxide on a steel sheet or not, it looked to me as if it were. 


We know that it is possible to take a steel sheet that is covered with . 


put it through a bright annealing atmosphere, particularly a hydrogen atmos 
phere, reduce the oxide and produce a sort of matte finish, or a rougher 


finish, that may have some commercial applications. 


thing of that nature that might enter into consideration in the problem that 


we have here. 


We know too that when a metal is heated it gives off surprisingly larg: 


volumes of 


Las. 


the surface of that metal. 


1 wonder if there 


It seems to me that we have paid a lot of attention to 
tying the gases in which a metal is heated without paying attention to the 
that when the metal itself is heated it gives off a gas that is very apt to oxidiz 


1 am wondering if the etching action referred to might be due prima 


to the gas originally occluded in the metal which is given off at high te 
tures and is oxidizing to the metal. 


*Surtace 





Combustion 








Co.. 


Toledo, 





Ohio 


I do not know whether this is 
but I could not but think of that matter when I listened to the paper. 


cl 


The important feature from that stage is that duri 
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BR KinzeL:’ Etching 1s a factor in bright annealing of the utmost 
e, particularly from the commercial angle Mr. Cowan has implied 
ras which produced the etching may come trom the body ot the steel 
f the fact that the etching phenomenon is markedly reduced as_ the 
power of the gas is lowered, Mr. Cowan’s assumption does not seem 

probable one. 


rious reactions involved in bright annealing, particularly those in which 

















(). are predominating factors, have been most ably expostulated by D1 
i. and he is to be congratulated on the highly precise type of work 
he has carried cn. It 1s, however, our experience that the reactions in 

are very difficult to control in practice, particularly if batch type work 
lved. where all temperatures up to maximum annealing temperature and 
to room temperature are met with. It would seem that a most practical 
ver to the bright annealing question would be to use a gas substantially 
from CO and CO, as well as reasonably free from water vapor. Thus the 
vantage of a CO, CO, ratio at equilibrium would be automatically elim 
ted. Such a gas has been produced commercially and economically, and it 


to live up to theoretical expectations. 


Author’s Reply 


question of the behavior of oxygen in this process is one of academik 
and of little practical importance. We wished to be sure that oxygen 


responsible for the etching, and we proved this by removing the oxygen 





is. 










Oxyger only plays a role in the cooling cycl \t temperatures in the 
borhood of 300 degrees Cent. (570 degrees Fahr.), a trace of oxveen 
leave a stain on the iron which appears even in the presence of a larg: 
of hydrogen However, in large batches, this stain will be on the out 
turn and is of no practical importance. 
In most batch anneals, the gas is shut off at the end of the anneal, and th 
int required to take care of the contraction on cooling is admitted to the 
so that there is little chance for any free oxygen to come im if. the 
is gas tight. 
answer to the question, “what does the etching do to the surface ot 


etal?”, if one takes a heated silver wire and passes a mixture of oxygen 





some reducing gas over it, the silver which was originally smooth will 






1! 


ally become rough and pitted. This phenomenon is quite general where 
tal surface is acting as a catalyst for a gas reaction which only takes pla 
presence of the metal. ‘The reactions which have been shown to be re 


ible for the etching of the steel surface by the complex gas mixtures dis 











in this paper are the producer gas and the water gas reactions Lf the 


sition of the gas mixture is so chosen that equilibrium conditions prevail 


Sha: 


annealing temperature, no etching whatever is obtained If the gas 
Pz eis high in carbon monoxide so that the producer gas reaction is re 


ble tor the etching, the surface film becomes carburized If conditions 





tallurgist, Union Carbide and Carbon Research Jaboratories, Ine., Long Island 


Rana cae 
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are such that this reaction is proceeding in the opposite direction 








no carburizing can take place 








ln answer to the question “will the annealing process affect the 














fintsh of the metal?’’. 1f the surtace comes out of the annealer wit! 











visual appearance as it went in, the annealing will have no effect on 





treatment of the surtace 








Iron carbonyl can have nothing to do with the etching process sin 








temperatures with which we are dealing, the equilibrium concentratior 








iron carbonyl is extremely minute 





| think that we do not have to consider gases given off by the st 








considered that quite seriously, but all our observations were accounted 








the postulated explanation Simply changing the composition of the 





the same sample of steel, causes etching or leaves the steel unchanged, a 








the steel would have the same gas content in both cases; I think that « 





tion can be ruled out. 





\s far as the practical application of the process 1s concerned, we 








state that it has been used on an extremely large scale, to test its 1 


usefulness, and results obtained were every bit as good as those obtained 


















ammonia. 





Regarding one gentleman whe brought up the tact that we got onl 








results when our hydrogen concentration was low, I will put one set 














positions on the board, where we took the gas containing 70 per cent hyd: 





and 22 per cent CO and modified it, according to these conditions so tha 


( 








should be in equilibrium. In that particular mixture the composition was | 




















dioxide 6.9 per cent 








\ll the results | have been talking about on the slides were taken at 








degrees Cent., but alongside of these experiments, one was run at 600 deg: 





Cent. tor the same leneth of time, and same gas: another at 500. another 


























exactly the same as we got at 650 degrees Cent. 




















the reactions to slow up so much that even though at the lower temperat 





we are not dealing with equilibrium conditions, our reaction rates are so 








that they cause no observable effect on the surface of the steel. 





I8 per cent; hydrogen, 60 per cent, water vapor 13.5 per cent, and car! 


place at the surtace of the metal; a drop of 100 degrees in temperature caus 








950, and another at 300, and the results at all the other temperatures wer 


You are dealing in the case of the etching with a chemical reaction taking 















NOTE ON CHROMIUM OXIDE INCLUSIONS IN 
STAINLESS STEEL AND FERROCHROMIUM 
















By M. BAEYERTZ 


’ 
Abstract 





Some observations on “chromium oxide” melustons 
stuinless steel and ferrochromium are recorded. 1t ts 
that such inclusions fre Jit ntly consist of ter 
cos which have different characteristics both by r 
land by transmitted light. By transmitted light on 
phase is green and the other oxide phase is red 
ent and method of etching were developed by whicl 
red oxide phase WAS pre fi rentially attack a. / Mh § 
ng reagent affords a means of revealing the structures 












“chromium oxide” inclustons in iron-chromiim alloys 
fainting 12 per cent and more of chromium, Ioork on 
thesis indicates that the green oxtde phase contams 


y 


Chromuill than thre red oxide phas 



















Hie identification of “chromium oxide” inclusions im iron and 
r teel has contained some elements of uncertainty, and it 1s the 
pose of this paper to record a few observations which may aid 
the identification and differentiation of these inclusions \ccord 
to the Campbell and Comstock-Wohrman! scheme for the identi 

on of nonmetallic inclusions in iron and_ steel, “chromium 

IS “purplish color, rather easily polished smooth.” ‘The pres 

ent work indicates with some definiteness that there are two kinds 


chromium oxide,” and that the two kinds are distinguishable 







each other not only by certain nuances of color and apparent 
reflected light, but more definitely by differences in color by 


mitted light and also by differences in response to an etching 












stainless steel and ferrochromium, the oxide inelusions vary 


pearance by retlected hight. All gradations occur from a flat 
irplish grey type to a bright purplish grey type which appears 


1 


in greater relief than the dull variety. Iie. 1 is a photo 






Metals Handbox 





»k, 19 2 1) O36 
















wthor, Dr. M. Baevertz, is a member of the society and ts metal 
Bs it the South Works of the Lllinois Steel Co., Chicago. Manuscript 
pe unuary 25, 1934. 
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nucrograph of two widely separated types occurring toget 


sample of fterrochromium; sample No. | in Table |. 1 


purplish grey constituent 1s indicated by arrows. This «¢ 


also appears in the Widmanstatten-like pattern together wit! 





Oxide Inclusions in No. 1 Sample of Ferrochromium, | 


constituent in the other portions of the largest inclusion, se 


\Ithough by reflected light the “chromium oxides’ 
typ 


after etching. 
appear purplish grey, a red oxide type and a green oxide 
heen distinguished by their transmitted light colors and work on et 
ing these inclusions indicates that the intermediate types are ott 
complex structures containing the red and green phases together 


The transmitted light colors of the inclusions were obtained 


Table I 
Composition of Specimens 


Per Cent 
Silicon Nickel 
0.24 not determined 
0.10 not determined 
0.22 0.20 
0.16 0.17 
0.17 9.42 
0.271 9 06 





Oxide Inclusions in No Sampl 
S(t) 


Same as Fig > Etched for 5 Minutes in the Permar 


ing the polished specimens containing the inclusions by retlected 


polarized light with nicols partially or completely crossed, By 


leans the light due to general reflection from the surface of the 
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reflections from any inclusion-metal interface can be read 
The color of the light 
mitted light color of the inclusion mineral. 

The oxide inclusions generally observed in_ stainless 
the types of samples No. 3 to 6, inclusive, in Table I are sm 
as previously mentioned often complex, so that it appeai 
possible to obtain the transmitted light color of the inelusio: 
the petre raphic microscope. 
chromium, oxide inclusions of considerable size were observe 


examination of a large number of inclusions it was possibl 


some 


inclusions indicated by the arrows in Fig. 1 gave bright green int 


reflections. 


duplex inclusions of the character shown 1n Fig. 2. 


appear purplish grey by reflected light, one slightly darker tha 


other. 


Ked internal reflections were obtained, by the method previot 
scribed, from the darker constituent in the inclusions in sample No 
The inclusions in Fig. 


A reagent and method of etching were developed by which th 


red phase in the inclusions in sample No. 


tacked. 


internal reflections were obtained from the material which remain 
after etching. 
likewise the green phase which resisted attack, see Fig. 4. 


The final polishing on all samples investigated was done wit! 


magnesia, 


7 rex beaker. 


cent sulphuric acid are brought to boiling. 
permanganate crystals is added to the acid. 
ately immersed polished side up. 


duration of the etching time. 


iced. 


Chis is removed by polishing on a wet wheel with a very small at 
of magnesia. 


sample. 


TRANSACTIONS 
sample is greatly reduced. Thus any light resulting from 


reflections is th 


However, in certain samples of 


which reflections. The portions ot the 


No. 2 sample of ferrochromium (see Table 1) cont 


Both constitu 


was preferentially 


This attack is illustrated in Fig. 3. In this inclusion 


Upon etching the inclusions shown in Fig. 1, 


()ne hundred cubic centimeters of 


Gentle boiling is continued for 


The reagent should be freshly prepared 


t 


W 


The sample is imme 


+ 


1 
' 









The difference is faintly discernible in the as-polished stat 


apparently have the identical structure pres 
ent in the Widmanstatten-like portions of the inclusions in Fig 


The etching was carried out in a 400 cubic centimete 
The reagent is prepared and the sample is etched 1 
the following manner. 


¢ ' 
( 
i 


ne gram of potasstun 


Five minutes etching generally su! 
The sample is washed with hot water, then alcohol and drie 


The polished surface will be stained or covered with a brown dep 


So ai BOE 


PSA NS 4.i0ia Soa 


aca, 











USIONS IN STAINLESS §S 





+--Same as Fig. 1, Etched for Minutes in the Permanganate 
S00 
No. 1 Sample of 


Ferrochromium, Etched for Minutes in the 
nanganate Reagent LOO 


his reagent was applied to oxide inclusions in ferrochromium 


containing 7O per cent chromium and in stainless steel of 


lowing types; 27 per cent chromium, 12 per cent chromium 
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Fig. 6—Oxide Inclusions in Sample No. 3, Unetched 

Fig. 7-—-Oxide and Silicate Inclusions in Sample No 
+, Unetched 

Fig. &8—Oxide Inclusions in Sample No. 5, Unetched 

Fig. 9—Oxide and Silicate Inclusion in Sample No. 6, 


Unetched 

After Etching fi » Minutes in the Permanganatt 
Reagent. 

Fig. 10-——-Oxide Inclusions in No. 3, Fig. 11 same as 
Fig. 7, Fig. 12 same as Fig. 8, and Fig. 13 same as Fig. 9 
All Photomicrographs x 750 


+ 

& 
a 
= 

: 
nite 


ee 





Inclusions in Sample No. 1, Fig. 14, Sample 
No. 6, Fig. 16 After Etching 10 Minute in 
Solution of Hydrofluoric Acid All Photomicrog 


S per cent chromium—8 per cent nickel. Although no difficulty 
<perienced in etching the ferrochromium samples, with stainless 


is advisable to have all surfaces of the sample freshly ground 


iw-cut so that the reagent will form the protective coating on 


mple. This is necessary because of the dual function of the 
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Oxide Inclusions at Interface Between Ingot Iron Welded 


Same as Fig. 17 with Ingot Iron Layer Etched Away. 
19——Similar Inclusions in the Welded Sample After Etching with Stant 


Chloride in Alcohol Followed by 0 Per Cent Aqueous Hydrofluoric Acid All Pl 
micrographs 500 


reagent (1) to cover the sample with a coating which prevents 
attack of the metal and (2) to reveal the structure of the oxid 
meclusions. All scale or surface subjected to previous etching should 
he ground off. The reagent can be used for the general structure oi 
terrochromium samples. Fig. 5 illustrates the extent to which th 
alpha phase has been attacked leaving the carbide in relief in ferro- 


chromium sample No. 1. The reagent is useless for low chromium 


materials since it attacks the metal with great rapidity. 


The oxide inclusions in stainless steel, when observed in the as 
polished state, apparently consist of a single phase. This is illus 
trated by Figs. 6, 7, 8 and 9. 


1 


' The analyses of the steels in which 
these inclusions occurred are given in Table I. The permanganat 
reagent often reveals a duplex structure in such inclusions. Fig. 10 
shows a zoned crystal structure characteristic of the oxide inclusions 


in sample No. 3 after etching for five minutes in the permanganat 








VIDE INCLUSIONS IN STAINLI 


Fig. 6 is a photomicrograph of similar inclusions in th 


imple before etching. ‘The identical inclusions 1) lios 7. R 


re shown in Figs. 11, 12 and 13 after etching for tive minutes 


ermanganate reagent. 
rom these illustrations and the analyses in Table | it will Ib 
hat one of these two “chromium oxide” phases could contain 
Chis may be. The tact that the silea content, if any, is small 
ated by the lack of attack upon etching for ten minutes in a 20 
nt aqueous solution of hydrofluoric acid. Figs. 14, 15 and 16 
tomicrographs of oxide inclusions in samples No. 1, 4 and 
etching in 20 per cent hydrofluoric acid. It is evident that the 
sions have not been attacked. Furthermore, duplex inclusion 
ing a red and a green oxide phase can be synthesized his 
lone by welding a plate of 18 per cent chromium—8% per cent 
steel to one of open hearth ingot iron by pressure al elevated 
perature. Fig. 17 1s an example of the oxide inclusions formed 


iwCss 


flected light the sides of the inclusions next to the stain 
re a bright purplish grey apparently standing in higher relict 
those adjacent to the open-hearth ingot iron. The parts of th 
sions next to the ingot iron were a dull purplish grey by retlected 
The appearance of the two constituents by retlected light. r 
bles closely that of the two constituents in the inclusions shown 
1. By etching away the ingot iron as illustrated in Fig. 18 
possible to obtain the transmitted light colors of these minerals 
part of the inclusions showing apparent high relief was bright 
while that adjacent to the ingot iron was brownish red. Both 
the action of a saturated solution of stannous chloride in alcohol 
of 20 per cent aqueous hydrofluoric acid, see Fig. 19. The 
nce of a red and a green oxide phase which evidently contain 
mium is indicated and the positions in which the two oxide 
es occurred makes it probable that the chromium content of the 
oxide phase exceeds that of the red oxide phase. The green 
phase is believed to be chromous oxide from its color. The 
oxide phase probably contains considerable ferrous oxide and 
St enough chromous oxide to effectively prevent attack by ten 


tec etching in a saturated solution of stannous chloride in 


SUM MARY 


Certain samples of ferrochromium contain duplex inclusions. 
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Both constituents in these inclusions correspond to the genera 
cepted definition of “chromium oxide” inclusions in iron and 
By reflected light these inclusion constitutents are purplish gr« 
being lighter, brighter and apparently standing in higher relie} 
the darker variety. By transmitted light the former is bright 
while the latter is red. The red phase is preferentially attack 
an acid permanganate reagent when prepared and applied acco: 
to described conditions. When this reagent was applied to 
mium oxide” inclusions in stainless steel it revealed nonhomoge: 
structures in inclusions which appeared homogeneous before etchi 
Although the transmitted light color of the inclusions in stainless 
iron could not be observed, it appears probable that they are composed 
of the same two constituent oxide phases as those observed in the 
ferrochromium samples since one phase was attacked and the othe: 
resisted attack on etching for five minutes in the permanganate re 
agent. Duplex oxide inclusions were synthesized which contained 
two phases corresponding in appearance to those observed in the 


inclusions in ferrochromium samples, 1.e., one phase was bright pur 












plish grey showing apparent high relief by reflected light and was 
bright green by transmitted light while the other phase was a duller, 
darker purplish grey by reflected light and was red by transmitted 
light. ‘hese occurred in such juxtaposition as to indicate that th 
ereen phase was higher in chromium than the red phase. 
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ECT OF COLD WORK ON THE MICROSTRUCTURE 
OF LOW CARBON STEEL TUBES 


By E. P. PoLuSHKIN 


Abstract 


The author has studied the effect of cold work on thi 
rostructure of the low carbon steel tubes reduced by 
ee different proc by one of these processes the 

yath of the tubes can be increased 50 or more times 
vhile by two others only 1.5 to 6 times. This striking dif 
erence in the behavior of the same metal must be related 
some peculiarities of the deformation of grains by 
echanical stre 
The changes of the shape and dimensions of grains 
vere studied and found to be different in the tubes r 
luced by the first process. But the most characteristi: 
feature of these tubes was found in the occurrence of th 
leformation lines. The prevailing action of the first 
rocess was to set up within the grains longitudinal 
leformation lines parallel to the direction of extension, 
while the tendency of the other pro to set up trans 
verse lines. The latter are increased in number and in 
jtensity, when the metal approaches the breaking point 
md apparently represent incipient cracks in the grains. 


| ( HAS been generally understood that cold-working of steel can 


not be carried tar without annealing. In all standard processes 
lit is soon reached when further work would cause a rupture, 
nd then annealing 1s applied to restore the metal to its normal condi- 
But in the light of some recently introduced processes for 
reduction of steel strips and tubes this behavior of the metal 
s not seem to be general. These processes have shown that it 1s 
ible under certain conditions to continue cold work far beyond 
limits set up in the standard practice. For example, by the 
nary bench drawing a low carbon steel tube can be reduced with 
annealing only 30 to 40 per cent, 1.e., less than two times, while 
recently introduced Rockrite process the same tubing can be re- 
d 50 times or more without application of annealing. Obviously 
striking difference in behavior of the same metal must be related 
pecific changes produced in the crystalline structure. 
the author, E. P. Polushkin is a member of the society and is a consulting 
urgical engineer, 500 W. 111th St., New York City. Manuscript received 


8, 1933. 
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The range ot cold-workability of metals depends on the 
of stresses employed, their magnitude and especially their distri 
within the metal. It 1s certain that in the majority of cases 
mature tailure is being caused by a localized action of stresses 
tain points where the material becomes so overloaded that it 
to yield thus starting a general destruction of the piece. 

The effect produced by the mechanical stresses on the stri 
may be studied by X-ray as well as by microscopic examination. ‘['}y 
latter method was used by the author who examined a series of} 


tubes reduced by three different processes. His main purpos 









to compare the effect of each process on the shape and dimensio 
erains, on the occurrence of deformation lines and on the reery 
lization of grains in annealing. 
MATERIAL 


\ll specimens were seamless tubes made of low carbon st 













with from 0.10 to 0.20 per cent carbon and other elements vary 
within the limits customary for boiler tubing. According to 
method of reduction the tubes may be divided into three 1 
marked by letters O, D and R. Tubes of group O were reduced by 
the ordinary bench drawing, tubes D by Dudzeele process and tubes 
Kk by Rockrite process. In the Dudzeele process the inner surfac« 
the tube prior to drawing, 1s coated with electro-deposited lead, whic! 
serves as a lubricant. The Rockrite process is essentially different 
from the two others in that it employs mostly compressive stresses 
instead of mostly tensional as in all drawing processes. The tube is 
worked with two semi-circular dies or rolls provided with tapered 
YTOOVES, ig. i. The recipient end of the dies 1s slightly larg 
than the outside diameter of the tube. The dies have a reciprocating 
movement, 60 to 120 strokes per minute, and after each stroke, th 


tube is rotated 60 degrees. Inside of the tube is placed a tapered 









mandrel. All starting tubes were annealed according to the comme! 
cial practice. 

The list of specimens is given in Table I. The amount of reduc 
tion varied in group O from 1.35 to 1.58 times,’ in group D from 2.34 
to 6 times and in group R from 2.50 to 37.9 times. Maximum reduc- 


tion possible in Dudzeele process is 6 times obtained after 7 opera 














1 


‘Fig. 1 was taken from a description of this process in Steel, April 25, 1932. 






High reductions are more distinctively expressed in times than in percentage, a! 
the sake of comparison we apply this method universally to all tubes. 


2s} Sack 
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COLD WORKING OF STEEL TUBES 


Direction of Work Direction of Return 
Stnoke Treve/ ; < Stroke Treve/ 
Relief in Die Relief in Die 


for Turning for Feeding 
Relief in Roll 


‘Hardened 
Insert Die 


aie tiee Position of Position of Rolls When 
Working Stroke where Tube Working Stroke Has Been Comple.ed 


is Advanced Required Amount where Tube is Turned for Return Stroke 
After Working 


Diagram Showing Position of Reducing oll Before and 


Steel Tube 


S In the Rockrite process only three operations were required 
reduction of 38 times. 
Outside diameter of the tubes varied from 5¢ inch to 13¢ 


wall thickness from 0.010 to 0.105 inch. 


inch 


PREPARATION OF METALLOGRAPHIC SPECIMENS 


In the majority of the tubes, the microstructure was examined in 


perpendicular sections: longitudinal, tangential and transverse. 


if 


the preparation of the specimens any distortion of the metal im 


ding and polishing was carefully avoided, and in some cases a 
liminary etching of semi-finished specimens was applied. The 
| etching consisted of two operations. 
In order to obtain a distinct separation of deformation lines, 
pecimens were first immersed in 1 per cent picric acid for five 
n minutes, and then after drying, etched in 0.5 per cent nitric 
tor two or three minutes. The first operation produces staining 
rains which is desirable for an accurate tracing of their bound 


and the second develops deformation lines. 
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Table I 
List of Tubes 
Type R 











Dimensions 
Dube O.D. x Wall Reduction 









Numbet Inches Times ( 
40) 1.0 x 0.064 2.50 
>3 lig x 0.083 2.60 
l 1.0 x 0.065 2.61 
1123 1.0 x 0.065 2.70 
73 1.0 x 0.063 2.87 
70) 1.0 x 0.063 4.70 
17 1.0 x 0.048 6.20 
115 1.0 x 0.027 6.3 
114 1.0 x 0.035 8.3 

1.0 x 0.030 97 
18 4 x 0.017 12.71 
95 4 x 0.015 14.45 
4% x 0.010 37.9 











x 0.105 2.34 
x 0.064 2.50 
x 0.063 2.87 
x 0.083 3.92 
x 0.065 3 S¢ 
x 0.063 4.70 
x 0.058 5.7 
x OS0 


















062 1.0 x 0.052 " 
060 4 x 0.017 
956 4 x 0.016 
961 s x 0.017 

4 1.225 x 0.105 1.35 
62 O.882 «x 0.045 1.5% 


(Reduced until broke) 





"Reduction of these four specimens is not accurately known but is below 1.41 





keFFECT OF Cotp WorK ON MICROSTRUCTURE 





When cold work is applied to a metal the following structural 
changes are produced in the grains: (a) distortion of the shape, (}) 
deformation of the crystalline lattice which is manifested by the ap 
pearance of slip lines or other lines of deformation on the etched 
sections of grains, and (c) fragmentation. 

Original equiaxed grains are elongated by cold work in one ot 
two dimensions and finally may assume fibrous or lamellar shap 
There is no doubt that these dimensional changes are charactristi 
for each process. 

Deformation lines observed in the longitudinal sections of stee! 
tubes run either at a sharp angle to the axis of the tube or parallel t 
it. Figs. 2 to 4. In the first case they seem to be identical with 
slip lines which are generally found in the metals stressed beyond 
the elastic limit. The lines of the second type are different not on! 
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Photomicrograph of Dudzeele Tube No. 42 Reduction 2.5 00 
Photomicrograph of Rockrite Tube No. 47 Reduction 6.2 1000 
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Photomicrograph of Rockrite Tube No. 57. Reduction 37.9 <x 2000 


Photomicrograph Showing Deformation Lines in Tangential Sections 
strips 350 








COLD WORKING OF STEEL TUBES 641 


lirection but also in some other aspects. They do not appear 


rst stage of the reduction process but become noticeable after 
n exceeded two times as faintly visible lines. In the cold draw 
cess slip lines appear much earlier and generally are mor: 
defined. Longitudinal lines are very characteristic for the 


vith high reduction, especially for Rockrite tubes in) which 


ngitudinal section of grains are divided by these lines into 


fibres, as in Fig. 4. 


eformation lines in the tangential sections of steel tubes 


and 
very frequently appear as closed contours, polygonal, round o1 
lar. Fig. 5. 

Fragmentation. By a localized action of the deforming fore: 
rains can be divided into parts which temporarily remain to 
er, but become finally separated with further application of 
work and then assume their own orientation in space. Frag 
tation occurs in such cases, for instance, when a grain is split by 
sharp corner of the adjacent grain, or when it is severely bent by 
ressure of the neighboring grains. 


| 


Fragmentation lines are shown 
lig. 6. In comparison with the grain boundaries they are less 


minent and extend only across a portion of the grain. 


The ratio 
\ 


between the number of grains in a unit volume before and 


r application of cold work is a numerical expression of fragmen 


In order to follow dimensional changes of grains in a cold work 
> > 


«ess We must resort to an abstract conception of the “average 
~ which is an imaginary prismatic crystal with dimensions 


ctively equal to the mean length, width and thickness of all 
Ins measured. 


Though in reality the shape of grains may con 
rably vary and is generally complicated, it may be proved beyond 
doubt that the average grain is an accurate expression of the 
size and shape of the grains, provided it was computed from 


rge number of individual measurements. In cold-worked metals 


three dimensions of grains are different, and each one should be 
easured separately in two or three sections—longitudinal, tangential, 
erse. 
[ft cold work is going 


on without fragmentation, the number of 
remains the same. 


In this case an increase in the length of 


erage grain will be numerically equal to a decrease of its cross 
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section, and also to the reduction of the piece. This is evide; 
the equation below : 









LXWXT N 










Lo X Wo X To X Ne 


x 












in which L,, W, and T, represent respectively length, wid 
thickness of the average grain before cold work, and L. \\ 
express the same dimensions after cold work. N, and N 
the number of grains in a unit volume before and after app 


of cold work. We see that if 














N = No, 
LX W XK T = Le KX We OX Tro, O 
L Wo X To 





















W x T 
L 

Ratio —1in this case is numerically equal to the reduction of 
Lo 


the piece. 


When fragmentation takes place, the number of grains in a uni 
volume increases, and the above proportion between cross section and 
length of the average grain does not hold true. Evidently in no casi 
an increase of the length can be greater than the reduction of th 
piece, but may be less, on account of fragmentation. The ratio b 
tween a decrease of the cross section and an increase of the length is 


also a measure of fragmentation: 





W. X T. 


W xX T 


This proportion is merely another form of equation (1). 


DIMENSIONAL CHANGES OF GRAINS 


Dimensions of grains were measured by the intersection method, 
viz., by counting the grains along a marked diameter of the micro 
scope field and dividing the whole distance passed by the number 0! 
grains intersected. Thickness was measured in longitudinal sections 
width and length in tangential sections. 

In some of the tubes with reduction four or five times it was im- 
possible to make an accurate determination of the length of grains 
because they were strung out in narrow fibers, the ends of which 


could not be distinctly seen. Generally when reduction exceeds 
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Table Il 
Dimension of Grains 


Dimensions of Average Grain in Microns 


saiiedemiae i - Decrease Decreas 
Number Number Number in Decrease in 


ot ot ot Thick in ( ross 
Chick- Grains Grains Grains ness Width section 
ness Meas- Width Meas- L’gth Meas To Wo Tox Wo 
* ured W ured Lured r W TxW 
335 22 302 25 
(Wo) (Lo) 
15 829 63 
18 376 
21 317 
(Wo) 
13 576 
12 601 
31 158 
(Wo) 
528 13 
452 17 


096 16 
(Wo) 
665 7 
562 3S 
To x Wo 
ntation ratio is ; 
T xW Lo 
an illite 


1 of grains could not be accurately determined 


10 times the boundaries of grains become confused and none of 
limensions can be measured with accuracy. 

Che efiect of cold work on the dimensional changes of grains in 
krite and Dudzeele process was studied on two parallel series of 


imens prepared from the same starting tubes. For this purpose 


‘annealed tubes had been cut in two pieces each, and one piece of 


pair reduced by Rockrite process while the other by Dudzeele 
Table IT gives the dimensions of grains in the starting and 
the reduced tubes as well as the ratio of changes in all three dimen- 

From this data we can draw the following conclusions: 
|) In the original tubes all dimensions of grains are either 

or their length is slightly greater than width and thickness. 

2) Inthe reduced tubes the length of the grain is always con 
rably greater than its width, and width greater than thickness. 
ratio of length to width may be as high as ten. Fig. 8 illustrates 
limensional changes of grains in R tube after reduction of 6 

3) In all reduced tubes with the increase of reduction up to 
mes, width and thickness of the grain decrease progressively. 


maximum decrease of thickness is 4.4 and that of width 2.4 











(4) 
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ceeded ~ 







tube examined. 


than 2.5 times. 













(5) A 


specimen 
Number 








Increase in the length of grains is limited. 


5 times, not only in this series of specimens but 
of a low carbon steel tube cannot be elongated by cold work mor 
ily involves fragmentation of grains. 

marked 


process was found in the cross section of grains which in the former 


process decreases faster, i.e., for the same amount of reduction th 


Ratio of Length to Thickness of Grains in 
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It me e) 
We must conclude, therefore, that the averag 
When this limit is reached, further work necessat 


difference between Rockrite and Dudzeek 


Table Ill 
Cold Drawn Tubes 





Reduction : 
Times . 
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erains of Rockrite tube have smaller cross sections. This indicates 
a greater fragmentation of grains involved in Rockrite process. Com 


pare its values for both processes in the last column of the table. 


Dimensions of grains in ordinary cold drawn tubes were also 
measured but their dimensional changes could not be determined o1 
account of the lack of specimens from the original tubes. It is in 
teresting to note, however, that in the whole series of cold drawn 
tubes, including types O and D, the ratio of length to thickness ot 


erains increases regularly with the increase of reduction. Table III 





SIGNIFICANCE OF DEFORMATION LINES 













Microscopic examination revealed a striking difference in the 
occurrence of deformation lines in Rockrite tubes and all others. In 
the longitudinal sections of the former a great majority of grains 
were free from slip lines whereas in the tubes of two other types a 
majority of grains exhibited these lines. The difference was espe 
cially significant when two tubes were compared of an equal reduc: 
tion, originated from the same starting tube but reduced one by Dud 
zeele and another by Rockrite process. Prevalence of slip lines 1m 
one and a comparative freedom of grains from these lines in 
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»—Photomicrograph Showing Fragmentation of Grains in Rockrite Tube No 


tation Lines are Indicated by Arrows. Reduction 2.5 ~ 1000 
, ° . . - . ° 2 
Photomicrograph Showing Deformation Lines in a ¢ old Drawn 


200. 


Muntz Metal 
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other could only be attributed to the nature of these two p: 
igs. 2and 6. The same difference was traced between Rock; 
ordinary bench drawn tubes when the latter had been draw: 
limit. 

On the other hand, Rockrite tubes had very numerous and \ 
developed longitudinal deformation lines. These lines appeai 
early stage of the process and become more and more promin 
numerous with the increase of reduction as in Figs. 3 and 4. 


Z 


Fig. 8—lIllustrates Dimensional Changes of Grain 
Tube after the Reduction of 6 to 1. 


they are also present in Dudzeele tubing but mostly associated with 
slip lines while in Rockrite tubes in a great majority of grains the) 
occur alone. A prevailing tendency of the deforming force in th 
latter process is to set up longitudinal lines while in Dudzeele process 
slip lines. If slip lines have already been formed in Rockrite metal 
the deforming force tends to turn them toward the axis of the tub 
and to make them parallel to the length of grains. Some of th 
longitudinal lines in Rockrite tubing were undoubtedly originated 1 
this way. 

All these observations relate to the longitudinal sections. [1 
tangential sections of tubes R and D the same characteristic differ 
ence could be noted but in a less striking manner, while in cross sec- 
tions the distinction between the tubes was not clear. 

Determination of the number of grains with slip lines was done 
by the same method as for measuring dimensions of grains. [llumr 
nation of the microscope field was carefully adjusted to bring out 
details of the structure in a sharp contrast. Magnifications used were 
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In taking the record only such grains 


unted which contained at least two slip lines close to each 


| inclined to the direction of extension at an angle of no less 


degrees. Results of these determinations are given in Table 


see that the number of erains with slip lines varies 


in R tubes from less than 10 to 39 per cent 


in ID tubes 
in O tubes 


from 61 to 81 per cent 
from 64 to 72 per cent 


difference in these figures will be more significant if we 


the range of reductions for each group. 


in R tubes the range of reductions from 2 


to 0/9 time 


= 
in D tubes the range of reductions from 2.34 to 6.0 time 
35 


in O tubes the range of reductions from | 


rom the preceding 


of grains in tubing 


cu 
> 


to 1.58 tine 


discussion we know that distortion of th 


RK is greater than in tubing D, yet the num 


slip lines is considerably less. In this comparative freedom 


Table IV 


The Number of Grains With Transverse Deformation Lines 


Dimensions 


©. BD. =x 


Wall 


Inches 


4 x 
0 x 


0 x 


x 
x 
X 
x 
x 
Xx 
x 
x 
x 
x 
x 
x 
x 


by drawing until it broke 


0.105 
0.064 


0.064 


0.083 
0.063 
0.063 
0.083 
0.063 
0.063 
0.058 
0.050 
0.048 
0.030 
0.010 
0.105 
0.045 


) 


Number of 

Grains With Total Number 
Reduction Trans. Detorm of Grains 
Times Lines in Per Cent Examined 

sO0 

i} 

16 

188 


/ sO] 

64 V6. 

13 665 
{was not determined, but 
lis small (less than 10%) 

ry 169 

64 76 


rains from transverse deformation lines we find the explanation 


the Rockrite process can be carried out without annealing much 


r than any other. 


is generally observed that the number of slip lines in the 


; increases with the progress of cold work and reaches its maxi- 


when the metal is close to rupture. At the same time slip lines 


more and more pronounced. Whatever their real cause may 
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be, a slip or some other movement of the parts of grain, it is 
that they register a certain critical disturbance in the crystal! 
tice, a disturbance of such nature that when it is intensified ; 
tended over too many grains, it would invariably lead to a 
of the piece. Slip lines, therefore, may be considered as p 


cracks in the grains. The experiments actually proved that by 


gressive application of cold work they can be made more and 
pronounced until their appearance under the microscope leay 
doubt in a parting of the metal along these lines. 

An interesting observation confirming this view, was ma 
the nonferrous tubes which had been drawn to the limit until 
broke in the bench. Before the rupture occurred the slip lin 
increased in magnitude that they formed sets of continuous 
verse lines extending across the entire longitudinal section of the w; 
‘ig. 7 shows these lines in a Muntz metal tube. 

The nature of longitudinal lines may be substantially the 
but being parallel to the extension of the piece they cannot lea 
its rupture and affect only the transverse strength of the piece. 

As a criterion for comparing the deformation characteristics oi 
cold-worked tubes the number of grains with slip lines were selected 
as a practical method because it would be difficult to count every 
single line. Neither would it be possible to estimate the intensity o| 
these lines. 

In the metal with high reduction the grains are small and som 
of the lines may escape observation even under high power. This is 
the reason that Table IV does not show a proportional increase i1 
the number of grains with slip lines for every increase of reduction, 
but shows even a drop in this number. However, the number of lines 
that remain visible is always strikingly different in tubes D and R. 

RECRYSTALLIZATION OF GRAINS IN CoLp-WorRKED TUBES ON 
ANNEALING 

In order to study the effect of heat on the grains of cold-worked 
tubes reduced by different processes twenty tubes had been selected 
from the list in Table I; 11 of type R, 4 of D and 5 of type O, and 
eight specimens prepared from each tube which were annealed at the 
following temperatures : 

500, 525, 550, 600, 700, 750, 800 and 850 degrees Cent., (930 
975, 1020, 1110, 1290, 1380, 1470 and 1560:degrees Fahr.) Several 
specimens were annealed at 400 degrees Cent. (750 degrees Fahr.) 
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protect the metal from oxidation each group has been placed 
reclay crucible packed with powdered asbestos and covered 

was done in an electric furnace. Temperatures were re 

y a platinum thermocouple. 

\ximum temperature was maintained for 30 minutes and then 
cimens cooled in the crucible outside the furnace, except three 

ents in which the crucible was cooled in the furnace. 
he structure was examined only in longitudinal sections of 
with exception of four tubes for which all three sections had 
repared. The same method of etching was used as for cold 

specimens. For comparison of the grain size all annealed 
ens were photographed at a magnification of 200 diameters. 
Cire COURSE OF RECRYSTALLIZATION IN DUDZEELE’S AND 
ROCKRITE TUBES 


Below we give a record of the structural changes observed in 


nealing of two pairs of tubes with reductions 2.5 and 6 times. One 


of each pair was reduced by Rockrite process and the other by 


eele process, both from the same starting tube. 

Che first visible sign of recrystallization was observed in Dud 
tubes at 400 degrees Cent. (750 degrees Fahr.) when some of 
slip lines appeared more conspicuous than they were before an 


] 


nealing, especially when the specimens were quenched in water instead 
being slowly cooled 1n air. The structure of Rockrite tubes at this 
emperature has not been affected yet. 

\t 500 degrees Cent. (930 degrees Fahr.) the accentuating effect 

at on slip lines in cold drawn tubes was noticeable even after slow 

ng. Simultaneously, or at a slightly higher temperature anothet 

f incipient recrystallization was in evidence—a change 1n the 

of the boundaries of grains which became serrated lines. The 
Rockrite tubes still remained unaffected. 

\t 525 degrees Cent. (975 degrees Fahr.) in R tubes recrystal 
on has just started—slip lines are more pronounced and a few 
| grains appeared. But in D tubes it advanced considerably fur- 

new grains being very numerous. Figs. 9 and 10. 

\t 550 degrees Cent. (1020 degrees Fahr.) the number of new 
in R tubes has somewhat increased and the boundaries of old 

Ss appear more dented, but the change is slow. In D tubes 

stallization is in full sway, and new grains are very numerous. 
ll and 12. 
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Fig. 9-—Photomicrograph of Rockrite Tube No. 40. Reduction 2.5. at 5 vd 
Degrees Cent. (975 Degrees Fahr.). x 200. 
Fig. 10 Photomicrograph of Dudzeele Tube No. 42. Reduction 2.5. ed i : 
525 Degrees Cent. (975 Degrees Fahr.). X 200. 
Fig. 11 Photomicrograph of Rockrite Tube No. 40. 
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these two temperatures the ditference between tubes R and D 





striking. 
600 degrees Cent. (1110 degrees Fahr.) in specimens D rx 
ation of ferrite 1s complete, in R the remnants of the original 
ire still present. 
t 700 degrees Cent. (1290 degrees Fahr.) the structure of both 
become very similar. 

\t 750 degrees Cent. (1380 degrees Fahr.) pearlite has recrys- 

in all specimens and occurs on the boundaries of grains. 

\t 800 degrees Cent. (1470 degrees Fahr.) there is no change 

the structure of the tubes. 

\t 850 degrees Cent. (1560 degrees Fahr.) the grains have in- 

ised in size and the pearlite has become more massive (partly 
sorbitic) in both metals. 

Che difference disclosed between tubes R and D may be for- 

lated as follows: 

(1) In tubes D recrystallization of ferrite starts at lower tem- 

ratures. 

(2) The size of grains immediately after recrystallization is 
slightly greater in R than in D tubes. 

Obviously Rockrite tubes require a greater thermic impulse to 
start recrystallization, and then the process goes slower than in Dud 
eele tubes which are more susceptible to annealing. This difference 
is explained by a larger number of slip lines within the grains of 
Uudzeele tubes. These lines, as we believe, indicate a specific dis- 

tion of the crystalline lattice which finally leads to a rupture of 
grains. They should be considered as potential cracks, and as such 
turally offer less resistance to separation of fragments from the 
‘rains during recrystallization than other undisturbed portions of the 
grains. Consequently, the greater their number and their intensity 


easier it would be to start recrystallization, i. e., the lower would 


F be its starting temperature. This contention is supported by micro 
#4 scopic evidence, namely, that recrystallization begins more readily 
within the grains which have distinct slip lines and that the boundaries 
of new grains follow these lines. 


\lthough the Rockrite process involves a greater fragmentation 
K; erains than the Dudzeele process the fragmentation lines must 
luce the same accelerating effect on recrystallization. These lines 
not numerous and, therefore, their action cannot be compared 
h a mass action of slip lines in Dudzeele tubes. 
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Table V 
Annealed Rockrite 
(in microns) 





of Grains in 


Size 


Tubes 









Annealing Temperatures 
Degrees Cent. 





























































Tube Reduction 600 700 750 800 
Numbet limes (1110°F) (1290°F) (1380°F) (1470°F) (1 
+0) 2.50 a 13.3 15.3 Le 
17 2.61 13.8 15.6 18.7 17.6 
113 2.70 10.3 9 3 10.3 10.3 
70 170 g 5 11.0 10 11.5 
+7 6.20 10.9 9.2 10.7 9.6 
115 6.30 4 2.7 12.1 i 
114 8.30 V2 7.4 9.2 9.2 
55 170 g 2 8.6 U4 10.6 
18 Le.e1 9.8 10.3 12.3 ee 
957 14.45 8.5 11.3 13.1 12.3 
57 37.90 7.5 7.5 9.5 10.3 






The difference in the size of grains immediately after recrystal- 





lization should be explained by a slower recrystallization of Rockrit 





metal which at 600 degrees Cent. may still contain some remnants of 









the original grains, and that would naturally coarsen the structur 


Tre BEGINNING AND THE END OF RECRYSTALLIZATION IN 
ROCKRITE TUBES 





The Rockrite series of annealed tubes contained altogether 11 


2.50, 2.61, 2.70, 4.70, 6.20. 





specimens with the following reductions : 







6.30, 8.30, 9.70, 12.71, 14.45 and 37.90. : ae 
It has been found that the initial temperature of recrystallization . ~ 

is very slightly influenced by the amount of reduction. When th - | =, pee 
¥ a Se ° ° ° ° 7 7 + 

latter 1s 2.5 times, the temperature of recrystallization is almost ex- : aah 
~ ~- . — = a . . . os, + 3 

actly equal to 525 degrees Cent. (975 degrees Fahr.), with the in a 





crease of reduction to 37 times, it is somewhat lowered but still re 





mains above 500 degrees Cent. (930 degrees Fahr.). Therefore, 
the difference is less than between two tubes, R and D, of equal re- 


duction. 






The end of recrystallization of ferrite is about at 600 degrees 
Cent. (1110 degrees Fahr.). 





At this temperature the metal appar 
ently consists of new polyhedral grains. 





However, some remnants 0! 





the original grains undoubtedly still exist, together with new grains. 
An the 


higher temperatures. 





influence of fibrous structure can be traced even at much 





It is noticeable in a regular alignment of new 





grains parallel to the extension of the tube. This tendency becomes 





greater with the increase of reduction, and if we consider the struc- 










ture with a random arrangement of grains as a final stage of recrystal 
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Photomicrograph of Dudzeele Tube No 2 Annealed < 10 Degrees Cent 
egrees Fahr.) 
Photomicrograph of Rockrite Tube No. 957. Reduction 1 Annealed at 
es Cent. (1290 Degrees Fahr.). < 200. 


n, we must conclude that the end of recrystallization is mark 


retarded by the increase of reduction. Kig. 13. 
GRAIN SIZE IN ANNEALED ROCKRITE [TUBES 


Representative photomicrographs of the annealed Kockrite tubes 
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showed a certain regularity in the change of grain size, acco1 
the reduction and the temperature of annealing. For more ; 
comparison the grain size was determined by the intersection 1 

The results are given in Table V which represents the averag 

bers of 5 determinations made across each of the photomicr: 
(from 100 to 200 grains counted). As only one photomicr | 
was used for each tube and the number of counted grains was poy 
sufficiently large these figures have only comparative value. 

If we compare, first, the specimens of the same tube annea 
different temperatures we find a noticeable increase in the size oj 
grains in the range of temperatures from 700 to 750 degrees Cent 
(1290-1380 degrees Fahr.) (in 9 tubes out of 11) and a decided in 
crease at 850 degrees Cent. (1560 degrees Fahr.) in all specimens but 
one. In the ranges 600-700 degrees Cent. (1110-1290 degrees Fahr.) 
and 750-800 degrees Cent. (1380-1470 degrees Fahr.) the size of 
grains changes irregularly. Comparing the size of grains in different 
tubes annealed at the same temperature (i.e. along the columns of 
the table) we see a marked drop in the size of grains at reduction 2.70 
for every annealing temperature. It indicates a certain change in the 
structure at this reduction. As we mentioned before, when the grains 
of a low carbon steel tube become elongated by cold work 2.5 times, 
further work would necessarily involve their fragmentation. Frag- 
mented grains of a cold-worked metal would naturally give rise to a 
finer structure on annealing. Therefore, the decrease in the grain 
size at 2.70 should be attributed to the action of fragmentation. 



















RECRYSTALLIZATION OF GRAINS IN CoLD DRAWN Tupses ReEpucED 


BY ORDINARY PROCESS 





This series contained five specimens. Three of them had re 
ceived a large amout of cold work and in the original condition ex- 
hibited slip lines in a majority of grains. Two others were drawn 
lightly after their last anneal, and their slip lines were not distinctly 
developed. 

The process of recrystallization in the first group of specimens 
was similar to that of Dudzeele tubes. In both types it started at the 
same low temperatures, and the end of recrystallization also co-in- 
cided, except one tube, in which it was retarded. But the grains of 
this tube had been deformed by cold work very slightly, and though 
some grains showed numerous slip lines, the lack of a real distort 
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may account for the sluggishness of recrystallization in this 


th specimens ot the second group at 550 degrees Cent. (1020 
ahr.) slip lines became more pronounced. At 600 degrees 
1110 degrees Fahr.) the same effect was observed. New 
had not yet appeared. At 700 degrees Cent. (1290 degrees 
ferrite was recrystallized. The temperature of recrystalliza- 
these specimens was considerably higher than in any others. 
is natural for the metal which had been only slightly affected 


ld work. 
SUM MARY 


) Effect of cold work on the structure of steel tubes de- 
s on the process of reduction. Three processes were compared : 
krite, Dudzeele and ordinary bench drawing. 
By the first one low carbon steel tubes may be reduced 50 times 
more without annealing or heat treatment of any kind while by the 
process maximum 6.5 times and by the third only 1.5 times. 
explanation of this striking difference in the behavior of thi 
e metal in the Rockrite process and in two others was found in the 
tural peculiarity of Rockrite tubes in which a great majority 
erains are free from slip lines whereas in the cold drawn tubes 
najority of grains exhibit these lines. Slip lines should be con 
ered as potential cracks. Wath the increase of their number and 
enitude the metal is approaching rupture. In the Rockrite process 
stly compressive stresses are used instead of mostly tensional as 
the cold drawing processes, and the prevailing tendency of the com 
essive stresses is to cause longitudinal deformation lines instead of 
lines. 
(2) In the study of dimensional changes of grains in cold- 
ked tubes it was found that 
a) In every specimen increase of the length of grains was 
ted and did not exceed 2.5 times. Further work, beyond this re 
on, necessarily involved fragmentation of grains. 
b) In Rockrite tubes decrease of the cross section was greater 
in Dudzeele tubes of equal reduction if both had been reduced 
n the same starting tube. 


¢) Inall cold drawn tubes (types O and D) the ratio of length 


ickness of grains increased regularly with the increase of re 


von. 
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(3)  Keerystallization of grains in Dudzeele tubes 


lower temperatures than in Rockrite tubes because the sepal 


new grains was facilitated by the presence of slip lines in th 


orains. 
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THE EFFECT OF COLD WORKING ON THE 
PHYSICAL PROPERTIES OF 
COLD-HEADED BOLTS 


HARVEY 


Abstract 


( old headed bolts are subjected oO TUrlous QMulounts 
old working in the process of manufacture. In bolts 
ntaining more than 0.30 per cent carbon or an alloying 
it, these cold working effects are entirely removed 
subsequent heat treatment. Straight carbon steel bolts 
less than 0.30 per cent carbon may be treated in such a 
ry that the effects of cold working in the headed section 
largely removed without materially reducing — thi 
ysical strength produced in the shank of the bolt by cold 
rking. This treatment consists of heating the cold 
ded bolts to a temperature slightly above the recrystal 
ation temperature of the cold-worked ferrite in th 
ushed grain” sone. The effects of time and tempera 
are described on a given type of bolt. 


| IS doubtful if the average person realizes how broad a field 1s 
covered by the cold-heading industry or how dependent he is for 


comfort and well-being on its products. Such persons live in 
s containing numerous examples of the cold-heading art in the 
rm of bolts, screws and nails. They ride in automobiles or street 
the strength and unity of which depend to a large extent on 
l\d-headed products. Almost any article with which they come in 
tact contains, or was made on a machine containing, products of 
ld-header. 
ind are so commonplace that the public attaches little importance 


However, these parts are of such relatively small 


or the manner in which they are made. 
\Vhile it is undoubtedly true that parts made by other processes, 
is turning from the bar in an automatic screw machine, could be 
tituted for cold-head parts, such substitution would greatly in 


the cost of the parts and in many cases necessitate a redesign 


iper presented before the Fifteenth Annual Convention of the society 
Vetroit, October 2, to 6, 1933. The author, a member of the society, is 
sist with the Lamson and Sessions Co., Kent, Ohio. Manuscript re 


\ugust 4, 1933. 




















6058 TRANSACTIONS OF THE A. S. M. 








of the entire unit in which they are incorporated. The cold 
process provides a method of making metallic articles such 
rivets and screws, rapidly, accurately, and cheaply. 

It is the purpose of this paper to describe in a general 
the effects of cold-working of metals as it applies to the cold 
industry, and more particularly, one method by which its effe 


be used to advantage. The development of this entire indu 








the many ramifications of the cold-heading process are du t] 
fact that many metals, especially the ferrous metals, are malleab, 
at room temperature and are capable of being plastically deforn 
within certain limits. In many cases, the limits of the cold-headin, 
process are the limits of malleability, beyond which the materi: 
cannot be deformed without permanently impairing its phy 












properties. 

With few exceptions the raw material for cold-heading is hot 
rolled rod made from basic open-hearth steel. The analysis of th 
material depends entirely upon the type of bolt and the purpose for 
which it is used. Cold-headed parts of S.A.E. 1010 and 1020 stee! 
or equivalent grades, lead in tonnage, although there is an ever in 
creasing demand for bolts of higher carbon or alloy content. This 
is especially true of the automotive and agricultural implement trades 

A recent survey in our own organization, showed that in th 
past two years, we furnished on order, more than 25 different grades 
of steel. In addition we have headed monel, dural, copper, brass and 
various bronzes. Table | shows the ferrous material which have bee: 







successfully cold-headed. 
Bolts which are an important part of an assembly and are high) 
stressed are usually made of straight carbon or alloy steel of mor 


than 0.30 per cent carbon. To develop the best physical properties 






of such bolts, it is necessary to heat treat them by quenching from a 
temperature above the A, pomt and then drawing them back to ol 
tain the desired physical values. By this heat treatment, the effects 


of cold-working produced in the manufacturing operations ar 







obliterated, and the chief concern of the manufacturer is to start 
with raw material which is capable of being plastically deformed 
the required amount without failure and without undue tool break 
age Or wear. 

The shape of the cold-headed part determines, to a large extent 
the material used. If the volume of stock to be upset is larg 


COLD-HEADED BOLTS 


Table | 
Ferrous Materials Which Have Been Successtully Cold-Headed 


Per Cent 
Manganese Phosphorus Sulphut 
0.300.600 0.045 O.045 
0.30-0.60 0.045 0.050 
0. 30—0.60 0.04 O.050 
0.50—0.80 0.045 0.050 
0. 50—-0.80 0.045 OOS50 
0 SO-0.80 0.045 0.050 
0. 50—0.80 0.045 0.050 
1.60-—-1.90 0.040 0.050 
1.60—1.90 0.040 0.050 
1.60—1.90 0.040 OL.050 
0.30-—0.60 0.040 0.045 
0.50—0.80 0.040 0.045 
0O.50—0.80 0.040 0.045 
0. 50—0.80 0.040 0.045 
0 0.60 0.040 0.045 
0.3 0.60 0.040 0.045 
0 0.60 0.040 0.045 
0.5 0.80 0.040 O.045 
0.5 ORO 0.040 0.045 
0 O.80 0.040 O.045 
0.7 0.90 0.040 0.050 
(0.7 0.90 O03! 0.050 
0 0.45 0.030 0.050 
() 0.45 0.040 O.050 


grades of stainless Or onferrot material 


atio of finished diameter to original diameter is great, a very 

ft wire 1s used. In such cases, “processed” or annealed wire 1s 
In this type of material, the effects of the cold-drawing opera 

are partially removed by a pot anneal. The wire is extremely 

ind ductile and is capable of withstanding severe plastic defor- 

n 

ln upsetting operations where the metal is subjected to less de 
mation, wire can be used that has been drawn from slowly cooled 
so-called “normalized” rods. This material 1s somewhat harder 
n the “processed” wire and cannot be as easily or as severely cold 
rked. However, it 1s a satisfactory raw material for most cold 
led products. 

(here are many cold-headed parts, where the amount of plastic 

rmation is relatively small. For work of this character it 1s 
ble to use wire which has been cold-drawn from regular hot 
rod. In such material, the effects of cold-working are quite 
unced, but these effects are wiped out by the heat treatment 
usly mentioned. 


\s previously stated, highly stressed bolts are usuaily made of 


or alloy steel of more than 0.30 per cent carbon, and are heat 
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treated and tempered before use. However, there are man 
where bolts of lower physical properties may be used to ad\ 
Such bolts constitute the largest tonnage items of the industry 
invariably made of straight carbon steel of the S.A.E. 1010 or 10 
erades. 


for assemblies where low cost is essential and a bolt failur 


neither expensive nor replacement difficult, it is possible to use the: 


bolts in the bright, cold-worked condition. For assemblies 
reliability is essential, it is advisable to heat treat these low car' 
bolts. This may be done in two ways: 

(1) By heating to a temperature above the A,, point, quenchi 


a suitable medium and then tempering. 


By this method, all cold-working effects are removed and phys; 


cal properties somewhat higher than the bright bolt values ar 


tained. However, the increase in cost is rarely justified, except fro 


the standpoint of reliability. 

(2) By heating the bright bolts to a temperature slightly ab 
the recrystallization temperature of the cold-worked ferrite 
headed section. 


By this method, a bolt is obtained which has _ consideral 


strength and is absolutely safe as regards failure due to the effect: 


of cold-working. Furthermore, due to the lower temperature us 
it is possible to maintain close mechanical tolerances. 

In order to clearly understand this treatment, let us consider t 
various manufacturing operations involving cold-work : 


The first process where the effects of cold work are encow 
tered is that of wire drawing. The hot-rolled rod is reduced in cross 
section and accurately sized by pulling it through a die. The pe 
centage reduction in area varies in different mills but in general | 
hetween 15 and 35 per cent. The effects of cold-working are show 


by a considerable increase in ultimate strength and yield point and 


corresponding decrease in elongation and reduction of area. This | 


illustrated in Table II. 


The second manufacturing process involving cold-working e! 
fects is the extruding operation. Here a portion of the bolt shank 
corresponding in length to the threaded section, is reduced from bod) 
diameter to pitch diameter by means of a suitable die and pressur 
The effects of the cold-working are localized and are confined et 
tirely to the thread section. Again the tendency is to raise the ult 
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neth and yield point and decrease the elongation and 
of area. 
third cold-working operation is that of heading or upsetting. 
collected and foreed into a die cavity to form the bolt head 
unt of plastic deformation varies with the type of bolt, but 
ses the metal is severely cold-worked. The structure is badly 
| and in the so-called “‘crushed-grain” zone, the ferrite grains 
eomented to such an extent that they cannot be resolved by thx 
ype at 500 diameters magnification. In this zone, the capacity 
work has been nearly exhausted. 
last cold-working operation is that of roll-threading. Here 
effect is localized in the shank, being confined to that por 
hich has been cold-drawn and extruded. However, the amount 
rmation is small and its effects decrease rapidly as the size 
bolt increases. 
finished bolt may be divided into three zones, with respect 
mount of cold-working each zone has received : 
Che plain portion of the bolt shank, which has been cold- 
in the wire-drawing operation. 
) The threaded portion of the shank, which has been cold 
in the wire-drawing, the extruding and the roll-threading 
LLIOTLS. 
3) The headed portion of the bolt, which has been cold-worked 
wire-drawing and cold-upsetting operations. 
(he amount of cold-work sustained by the first two zones has 
en sufficient to distort the structure badly nor to exhaust the 
ity of the material for cold working. 
he amount of cold-work sustained by the third zone, the 
| section, has been of sufficient magnitude to distort the struc 
idly and nearly to exhaust its capacity for additional cold 
In certain types of bolts the headed section is so highly 
sed that the bright bolts fail by the heads pulling off rather than 
iking in the threaded section. 


he following data show a process by which these bolts may be 


so that the stresses set up in the headed section are relieved 
an extent that the heads will not pull off. At the same time 
siderable portion of the strength due to cold-working is retained 
bolt shank. That this process is practical is due to the fact 


recrystallization temperature of cold-worked ferrite is low- 
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ered as the amount of cold-working is increased. There 
difference in the cold-working etfects in the headed sectio: 
shank of the bolt, that the strains in the headed section ar: 
before the strains 1n the shank. 


MATERIAL 


A 200-pound coil of cold drawn wire of 0.366 inch diam 
selected from stock. Samples were taken from each end and « 
for chemical analysis and physical defects such as seams, | 

The results of the chemical analysis were as follows :- 


Per Cent 
MEO oo. deh Lemma baw eeee ee 0.19 

| Si oil a cedar aaa liteed 0.48 
PO och bechamel eek Mees 0.030 
DE 44650 40p cae ok eM eRe Ne eoe 


PROCEDURE 





The coil of drawn wire was placed on a solid die. double-bl 
header and blanks for a 114”x3,”-16 hexagonal head bolt were mad 
\fter the heading process, the blanks were trimmed, pointed a1 
roll-threaded in the usual manner. The threads were held to Class 3 
tolerances. 


H 


EAT TREATMENT 


Samples of the finished bolts were taken at random and nun 
bered consecutively for purposes of identification. 

Groups of 10 bolts were placed in a Leeds and Northrup electri 
drawing furnace and heated to various temperatures for defimit« 
lengths of time. Time cycles of 114, 3 and 18 hours were used. At 
the end of the established cycle, the bolts were removed from th 
furnace and quenched in a boiling soluble oil solution. This 1s : 
duplication of commercial practice and is done to reduce the cooling 
cycle and to produce a shiny, black-oxide finish on the bolt. 

The electric drawing furnace was automatically controlled 
Temperatures were taken on two standardized platinum, platinum 
rhodium thermocouples by means of an L and N precision poten- 
tiometer. All temperatures were held within + 5 degrees Fahr. 0! 
the indicated temperature. 
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Table II 
Effects of Cold-Drawing on the Physical Properties of Some Sizes 


of S.A.E. 


Per Cent 
Reduction 
in 
Drawing 


Yield 


Point 


41,000 
92,000 
39,000 
$4,000 
40,000 
$6,000 


1020 Bolt Stock. 


Per Cent 
Klong 


Ultimate 
Strength 


Pounds per Square Inch (8 


65,000 
96,000 
63,000 
86,000 
67,000 
90.000 


Table Ill 
1020 Material Which Was Used in This Investigation 


Yield Ultimate Per Cent 
Point Strength Elong 

Pounds per Square Inch (8”) 
74,400 


Physical Properties of S.A.E. 


Per Cent 
Red 
Area 


79,700 3.7 3 


Brinell 
Hardness 
150 
rees Faht 130 


38,400 60,500 


Table IV 
Showing the Physical Properties of Bolts Made from 
S.A.E. 1020 Material, 0.366 Inch Diameter 


Yield Point Ultimate Strength 
Pounds Per Square Inch 


srinell 
Head Bolts Hardness 
nd roll-threaded 
it treatment 
| No heat 
ment 177 
and roll-threaded 
ilized at 1650 degrees Fahr 
|, normalized 


Hex 


177 10 


$200 


84,700 91.000 


‘32 50.600 72.100 


le yrees Fahr. 


yield point could not be determined by 


112 47 800 70,800 


the drop of beam method 


Meretuop or TESTING 


Hardness tests were made on the top of the bolt head. A hand 
load of 3000 kilo- 


The diameter of 


rated, hydraulic Brinell tester was used. A 


ns for a period of 30 seconds was employed. 


1 


pression was read on the usual Brinell microscope, two readings 
vht angles to each other, being taken. 

ensile tests were made on a 50,000-pound, four-screw universal 
The 


ng machine. Self-aligning holders were used for all tests. 
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Table V 
Effects of Time and Temperature on the Properties of a 12"x%"-16 Hexago 
Bolt Made from S.A.E. 1020 Steel by the Cold Heading Process 





lead 











| Hours in Furnace 3} Hours in Fur 














lemperature Yield Ultimate Yield 
Degrees Brinell Point Strength Brinell Point 
Fah Hardness Pounds per Square Inch Hardness Pounds per S 

OO 184 93,000 103,900 184 97.300 

An 190 90.500 103,900 190 92,500 

0) 182 83.700 96,400 181 81.700 

Si) L180 S$ 2.400 94,600 179 82,200 
LOo0 146 80.400 91,500 129 76.800 
rosa 3 61,600 75.400 lll 55.400 


i8 Hours in Furnace 
















lemperature Yield Ultimate 
Degrees srinell Point Strength 
Fahr. Hardness Pounds per Square Inch 
500 184 89,200 105,200 

700 187 91,200 102,300 
900 177 81.200 94,400 
950 132 78.000 89,500 
1000 113 57.500 71.900 


1050 














107 53,600 68,800 





machine cross-head was operated at a speed of 0.050 inch per minute 

Micro examinations were made on longitudinal sections of san 
ples taken from each lot. Visual examination of the entire sectior 
was made at 100 diameters magnification, followed by examination oi 
the “crushed grain” zone for signs of recrystallization, at 500 diam 


eters magnification. 


RESULTS 





Table IIL shows the physical properties of the material used i 
this investigation, in the cold-drawn condition and after normalizing 

Table IV shows the physical properties of bolts made from this 
cold-drawn material in the following conditions : 


1. Cold drawn, extruded and roll-threaded—bright. 











2. Cold drawn, cut-threaded—bright. 
3. Cold drawn, extruded and roll-threaded—normalized. 

4. Cold drawn, cut-threaded—normalized. 

Table V shows the physical properties of bolts made from this 
cold-drawn material and then heated at various temperatures for the 
time indicated. 

The photomicrographs, Figs. 1 and 2, show the changes that oc- 
cur in the “crushed grain” zone when heated at various temperatures 
for various periods of time. 











COLD-HEADED BOLTS 


No Jresitment 


— sa. 


78 Hours 


Longitudinal Section of Head of Bolt After Treatment Shown 
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1%2 Hours 


Longitudinal 


Section of 


Head of 


Bolt 


After 


Treatment 


M., 


78 Hours 


Shown. 
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18 Hours 


Longitudinal Section of Shank of Bolt After Treatment Shown 
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af 
3 Hours 78 Hours 


Longitudinal Section of Shank of Bolt After Treatment Shown 
DISCUSSION OF RESULTS 


\ study of the data shows that under 700 degrees Fahr., there 
is little, if any, change in the ultimate strength and yield point for 
heating cycles up to 18 hours. 

Between 700 and 900 degrees Fahr. there is a slight drop in th 
ultimate strength and yield point, indicating that the relief of cold 
working strains is being accelerated. 

In the 950-1000 degree Fahr. range there is a very rapid drop it 
ultimate strength and yield point, which indicates that the effects | 
cold-working are being rapidly dissipated. 

A study of the Brinell hardness values shows an effect which i 


not noticeable in the ultimate strength and yield point figures ; i.e 
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lening ettect. In all cases, the hardness of the bolts treated 

and 700 degrees Fahr. 1s appreciably higher than the bright 

Between 700 and 900 degrees Fahr. the peak of this effect is 

so that at 900 degrees Fahr. the hardness is about the sam 
the bright bolt. 

\bove 900 degrees Fahr. there is a very pronounced fall in the 

| hardness of the headed section. This sudden decrease coin 
with the recrystallization ot the cold-worked ferrite, as 1s con 
by referring to the photomicrographs. 

\ further study of the micrographs shows that there is little, if 

structural change in the shank section of the bolts at the tempera 
es used. 

It should be noted that for all three time cyeles, 11%, 3 and 18 
rs, the drop in Brinell hardness of the head precedes the drop 
iltimate strength and yield point. This is especially noticeable in 

hour and 3 hour time cycles. 


CONCLUSIONS 


\ll cold-headed bolts are subjected to various amounts of cold 
rking in the process of manufacture. 

In bolts of more than 0.30 per cent carbon or of alloy content, 
hese cold working effects are completely removed by subsequent 
eat treatment. 

Straight carbon steel bolts of less than 0.30 per cent carbon may 
treated in such a way that the harmful effects of cold working in 
headed section are removed without sacrificing the physical prop 

ties produced in the shank by cold working. 

Such a process is commercially practical. It produces a_ bolt 
vhich 1s of excellent appearance, accurate as to thread size, has good 


ysical values and is absolutely free of danger from head failures. 
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DISCUSSION 
P. Fisner:* The photomicrographs which Mr. Harvey and _ his 


cal metallurgist, Keystone Steel and Wire Co., Peoria, Tl 
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associates have produced certainly are commendable. It so happens 
our plant we have been working on a similar problem from a different 
that is, in regard to annealing of low and medium carbon steel wi: 
usual practice in “process” annealing steel wire continuously is to pas 
strands of the wire more or less rapidly through a molten lead bat! 
method has been used where uniform partial annealing is required. | 
annealers are used for dead soft annealing of wire in lots of several | 
The question arose as to whether or not uniform partial annealing ¢ 
accomplished in a pit-type annealer with its inherently longer time cyc! 
In order to get down to the root of the matter, we carried on an « 


sive investigation in the laboratory, using three different grades of hard VI 
steel wire and a series of annealing temperatures ranging from 900 to 130) 
degrees Fahr. <A set of three samples was heated to each temperature and 


held there for three hours in an automatically controlled electric furnace, the: 
cooled in the furnace. The results of our work correspond closely to thos 
reported by Mr. Harvey. It is very interesting to note that some of the micr 
structures that he has shown are almost identical with those which we ob 
served in our work. 

Microstructures of our specimens were correlated with tensile strengt! 
and per cent elongation in ten inches. Our object was to obtain high elongati 
without much loss in tensile strength. The effect of temperature on the physi 
cal properties of the three grades of wire may be graphically described as 
follows : 
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What is the cause of the striking increase in elongation with only a moder- 
ate drop in tensile strength as indicated in the graphs for the two lower carbon 
steel wires? The answer is to be found through the microscope. You noticed 
in the photomicrographs that Mr. Harvey has just shown that the ferrite re 
crystallization and grain growth proceeded very rapidly, whereas the car- 
bides in the original pearlite areas were only gradually agglomerated or 







coalesced. Our microscopic studies have definitely confirmed this. We hav 
found that whereas the ferrite recrystallizes at relatively low temperatures, 
the carbides require considerably higher temperatures for appreciable agglom- 
eration. 


We are, therefore, convinced that the rate of increase in elongation 
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these graphs) is proportional to the ferrite grain growth in the speci 
likewise, we have concluded that the tensile 
re 1n proportion to the rate of carbide agglomeration. Krom these 
conclusions we have learned that it is possible to produce the 


streneth decreases at a 
. same 
ructure and physical properties in a given grade of steel wire by either 


annealing for a few seconds at a temperature between 1200 and 1300 
Fahr. or by annealing for several hours at 


a lower temperature (be 
50 and 1050 degrees Fahr.). 


sure that Mr. Harvey is to be congratulated for his work. I hope 


ve can compare notes. 


Ik. Curistin: The author has presented the critical curves obtained 


hine bolts. It was stated also that the greater the amount of cold work 
head the lower the critical point for recrystallization. 


es Mr. Harvey believe that the cold upsetting of various diameters 
change the critical recrystallization points considerably, as for 


upset 
e TO 


two diameters, as compared to upsetting three, four, or five diame 
In 


i 


other words, would the recrystallization points have to be solved for 
types of bolts ? 


Author’s Closure 


regard to Mr. Fisher’s discussion on the question of elongation, it is 


that we did not determine, quantitatively, elongation on the particular 
vered by this work. In all cases there was a noticeable increase in elon 
ind a very decided increase in reduction of area, but the bolts, regardless 


© i 


eatment they had received, showed considerable ductility in the shank 


iread section so that no concern was felt for failure due to brittleness, 


that reason we did not make any quantitative measurements. 
\\ 


Ve were particularly interested in developing a treatment which would 


tallize the crushed ferrite in the headed 


1 


section without reducing the 
‘ Th 


of the bolt and that is the phase we have covered in this particular 


\s regard Mr. Christin’s question on diameters of upset and whether it 
| be necessary to have a series of tests run for each particular amount 
working, we have not found it necessary to do so. 
a very 


In all cases there 
marked difference between the material in the 


crushed grain 
and in the shank of 


the bolt that we are able, by controlling our tem 
re and time cycles, to get a recrystallization of the ferrite in the crushed 
me without affecting the shank or thread section. 


here 1s very little work headed today under 1% diameters and it will 


to 4 or 5 diameters on some of the reheading jobs and in this range 
the recrystallization point is fairly constant. 


j 
ned 


It is essential, however, 
he time cycle be taken into consideration. 

is entirely possible to heat a lot of bolts in a furnace for a certain 
nd have the ferrite in the head recrystallized in all of them. But to ob- 
hese results it is necessary that all of the bolts shall be heated to a given 


rature and for a definite length of time. In other words to obtain proper 


11 


irgist, Columbus Bolt Works, Columbus, Ohio. 
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results the furnace equipment must be taken into consideration. If this 


it is entirely practical to obtain a product for a given time and temperatu 


that shows uniform recrystallization of the cold-worked ferrite in the 


grain zone. 
lhe author appreciates the discussion which has been offered, ar 
that it is a distinct contribution to the subject under discussion. 








